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ABSTRACT 
 
The organization of chromatin and its localization in the eukaryotic cell nucleus plays a 
critical role in gene regulation (Agarwal and Rao, 1998; Brown, 2003; Ferrai et al., 2010) 
and is important for maintaining normal genome function. However, although it is known 
that the distribution of chromatin and genes in the eukaryotic cell nucleus is non-random 
and dynamic, the actual domain organization of chromatin, the mechanisms and 
dynamics which give rise to this domain organization, and the functional relationship 
between chromosome domain organization and transcriptional regulation are all 
unknown. 
 
The major technical limitations hindering research related to these problems include the 
difficulties in direct visualization of large scale chromatin structure, the lack of an 
efficient mapping approach to identify DNA position and distribution in the three 
dimensional (3D) nuclear space, and the inability to connect three dimensional 
microscopic information with the linear genome sequence. 
 
In this dissertation, I describe “TSA-Seq”, a novel proximity mapping approach I have 
developed to study 3D genome organization. TSA-Seq transfers cytological distance 
information into a genomic plot, allowing us to detect chromosome spatial organization 
relative to any nuclear compartment. Using this method, I studied 3D genome 
organization by mapping the average distances of the entire genome relative to two major 
nuclear compartments- nuclear speckles and the nuclear lamina. We discovered that 
proximity to the nuclear lamina or to nuclear speckles correspond to the two extremes of 
the transcriptionally inactive versus active spectrum, with levels of gene expression and 
timing of replication distributed along this lamina-speckle-axis such that chromosome 
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regions with the highest transcriptional activity associate closest to nuclear speckles and 
furthest away from the nuclear lamina. We demonstrated the ability of detecting 
chromatin loops and mean chromatin compaction rates from a single TSA genomic plot. 
Since it is a new method, I also included a step-by-step protocol of the TSA-Seq 
procedure.  
 
Further TSA-Seq mapping of multiple nuclear compartments may enable us to 
deconvolve the overall 3D genome nuclear organization. TSA-Seq mapping of cells in 
different differentiation stages or physiological states will allow us to investigate the 
functional impact of genome-wide changes in spatial organization during development 
and in health and disease. TSA-Seq should be a powerful experimental tool to bring our 
understanding of the genome organization and function to the next level.
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CHAPTER 1: INTRODUCTION 
 
One of the most fundamental questions in cell biology is how DNA, as the carrier of 
genetic information and the template for transcription, is folded into compact chromatin 
structures and organized inside the limited space of the eukaryotic cell nucleus. Such 
organization contains two levels: the three dimensional structure of the chromosomes, 
and the three dimensional organization or positions of these chromosomes in the nucleus. 
 
On the one hand, a typical human cell contains DNA of about 2 meters in length when 
completely stretched, yet a typical human cell nucleus where DNA resides is only several 
microns (10^-6 meters) in diameter. This multi-order of magnitude reduction in 
dimension is still a mystery due to our limited understanding of chromatin structure. 
People generally believe that chromatin structure is highly ordered and folded 
hierarchically, rather than just randomly like a plate of spaghetti. But how such a 
compacted 3D hierarchical organization would be compatible with genome functions 
such as transcription and replication, which need to be carried out on a linear template, is 
largely unknown. 
 
On the other hand, the eukaryotic nucleus is a highly structured and ordered organelle. It 
is highly compartmentalized for different nuclear functions. We expect to find clothes in a 
bedroom closet and dishes in a kitchen cabinet, because an organized house is more 
efficient functionally. So it appears with the cell nucleus, especially when it is highly 
packed. Evidence shows that chromosome distribution among nuclear compartments is 
also non-random (Zalenskaya and Zalensky, 2004; Nunez et al., 2009; Cremer and 
Cremer, 2010; Bickmore and van Steensel, 2013). Certain chromosomes preferentially 
occupy certain nuclear spaces. However, although one would expect such organization to 
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be tightly associated with genome function, the actual distribution of the genome relative 
to major nuclear compartments has not yet been systematically measured, while the 
mechanisms establishing this organization are nearly completely unknown. 
 
From the perspective of genome biology, although the linear sequence of the human 
genome has been known for more than a decade with the finishing of The Human 
Genome Project, little is known about the genome organization in 3D. Rapid advances in 
high throughput sequencing technology have brought exponential growth of DNA 
sequence data in various species or with different types of diseases. We now have easy 
access to the genetic code information of the linear DNA molecules. Various technologies 
have also been developed to study the epigenetic information, in addition to the 
fundamental DNA code. The next theme in genome biology may be to understand the 
information of the 3D genome, which is still barely explored. 
 
Overview of chromosome structure and higher order chromatin folding 
As discussed above, to fit DNA into an interphase nucleus or to form mitotic 
chromosomes requires multiple levels of folding. It is clear that the first level of 
chromatin compaction is constituted of nucleosomes. They are 146 base pairs of DNA 
wrapped around a histone core protein octamer (Luger et al., 1997). Nucleosomes are 
connected by linker DNA which is folded in part through its interaction with the linker 
histone. The tails of core histone proteins can be epigenetically modified to carry 
information for transcriptional regulations. However, beyond the nucleosomal level, other 
levels of the chromatin compaction are still not understood despite decades of light and 
electron microscopy experiments.  
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Various models have been proposed for interphase higher-order chromatin structure, but 
the field remains controversial. This is because many of these models are based on 
non-physiological experimental conditions. For example, the interphase radial-loop 
model, an extension of the mitotic chromosome radial-loop model, postulating that 
chromatin is organized as loops attached to a scaffold (Manuelidis, 1990), is largely 
based on experiments involving histone extraction using high salt and/or detergents. 
Models based on more physiological observations include the “random-walk” model, in 
which chromosomes are organized into several magabase sized giant loops but are 
randomly folded within each giant loop (Sachs et al., 1995; Yokota et al., 1995), and the 
“chromonema” model, in which 30 nm chromatin fibers are folded, but not looped, into 
large-scale fibers of about 100 nm diameter (Belmont and Bruce, 1994; Li et al., 1998; 
Robinett et al., 1996). However, recent cryo-EM studies on mitotic chromosomes suggest 
that a chromosome is a homogenously compacted mass (Eltsov et al., 2008; Nishino et al., 
2012), contradictory to the hierarchical model. However, since mitotic chromosomes are 
highly compacted, it may be difficult to track the path of the fibers, resulting in the 
microscopic appearance of uniform compaction, despite non-uniform and nonrandom 
compaction.  
 
Besides microscopy-based studies, genomic approaches have provided indirect, 
molecular approaches to characterize chromatin structure. These studies include 
genome-wide identification of open chromatin regions by DNaseI hypersensitivity site 
mapping (Boyle et al., 2008; Sabo et al., 2006), FAIRE (Formaldehyde-Assisted Isolation 
of Regulatory Elements) (Giresi et al., 2007) and Sono-seq (Auerbach et al., 2009). These 
approaches for chromatin accessibility mapping are based on probing chromosome 
regions depleted of nucleosomes, as commonly observed over certain cis-regulatory 
elements, through their increased accessibility to nucleases or sensitivity to sonication. 
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However, no genome-wide mapping of higher order compaction of 10- and 30-nm 
chromatin fibers in interphase chromosomes (Hu et al., 2009a) has been described to date. 
Computational modeling of mitotic chromosomes based on Hi-C (see below) interaction 
constraints suggest that they are arrays of consecutive loops compressed longitudinally 
along the axis with no hierarchy, in agreement with the previous cryo-EM result 
(Naumova et al., 2013). In contrast, a statistical mechanical approach to modeling 
chromatin folding using Hi-C data instead predicts a hierarchical model of chromatin 
folding (Zhang and Wolynes, 2015). Mathematical modeling likely will require additional 
constraints independent of the Hi-C based results, as well as additional cytological 
validations, in order to solve the interphase chromatin structure. 
 
In this dissertation, I will focus on the other aspect of 3D genome organization: nuclear 
compartmentalization of chromosomes, and how such organization may be related to 
transcription and replication. I will try to answer this question by combining older 
cytological staining methods with newer genomic methodologies. 
 
Current methodology for studying 3D chromatin organization in the nuclear space 
One of the reasons for our limited understanding of chromosomes and nuclear 
organization is technical limitations. One set of methodologies mainly involves direct 
visualization via microscopy. However, the major problem for electron microscopy (EM) 
is the impossibility to distinguish different genomic regions since all DNA looks the same 
under EM.  
 
To visualize specific DNA sequences, 3D DNA FISH (fluorescent in situ hybridization) 
was developed (Lawrence et al., 1990; Yokota et al., 1995). It uses DNA sequences 
complementary to the target DNA as probes. After hybridization of probes with target 
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DNA and then detection of these probes, the location of the target DNA in the nucleus 
can be visualized by fluorescence microscopy. To date, FISH is still the most standard 
cytological method to study chromatin and gene positioning. However, FISH is 
technically very challenging. The hybridization efficiency is usually low, and the 
experimental condition needs to be optimized through repeated trail-and-errors. Also, the 
procedure involves DNA denaturation at high temperature. As a result, the chromatin 
structure is usually perturbed. In addition, since it is limited by the number of 
fluorochromes can be used in a single experiment, the throughput for DNA FISH is very 
low.  
 
Most recently, the newer generation CRISPR (clustered regularly interspaced short 
palindromic repeats) genome editing tool has also been exploited to visualize endogenous 
locus (Chen et al., 2013). This system can be engineered to target GFP-Cas9 protein by a 
small guide RNA complimentary to the target sequence. This method would be very 
useful for live-cell imaging of endogenous locus and observing its dynamics. However, 
for the GFP signal to be visible, it usually requires the target region to contain multiple 
repetitive sequences for multiple GFP-Cas9 binding, or needs multiple small guide RNA 
along the region.  
 
One general shortcoming of light microscopy-based approaches is that the resolution is 
relatively low. As a result, it is more suitable for studying chromosome positioning rather 
than chromatin structure. 
 
On the other hand, indirect genomic approaches have also been developed to study 
genome organization. The most used are the 3C (Chromosome Conformation Capture) 
based approaches, which identify chromosomal interactions (including long-range 
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interactions) usually without information about the proteins that mediate these 
interactions. In 3C, the interacting proteins-DNA complexes are crosslinked, and only the 
crosslinked DNA fragments are ligated and quantified by PCR. The frequency with 
which two loci are crosslinked together in a single protein:DNA complex, determined by 
qPCR, indicates the interacting frequency of the two genomic loci (Dekker et al., 2002). 
Later, 4C, 5C, 6C and Hi-C methods were derived from 3C to provide a genomic wide 
screening of possible interacting sites (Dostie et al., 2006; Lieberman-Aiden et al., 2009; 
Simonis et al., 2006; Tiwari et al., 2008; Zhao et al., 2006). Based on these interaction 
data, together with mathematical modeling, studies are trying to infer the structure of 
chromosomes, and the relative position between chromosomes in the nucleus. The 3C 
method when combined with ChIP (see below) can also define the proteins that mediate 
these long-range interactions. 
 
Other genomic methods are more aimed at elucidating the relationship between 
transcriptional regulation and genome organization. Chromatin Immunoprecipitation 
(ChIP) (Ren et al., 2000) and Dam identification (DamID) methods (Vogel et al., 2007) 
are used to study DNA-protein interaction and identify DNA sequences associated with 
specific nuclear sites. For Chromatin Immunoprecipitation (ChIP), the DNA sequences 
with binding sites for a specific protein are enriched by crosslinking to the protein and 
immunoprecipitation, and are identified at the targeted region by qPCR (Kuo and Allis, 
1999), or genome-wide by microarray analysis (ChIP-chip) (Buck and Lieb, 2004; Ren et 
al., 2000; Wu et al., 2006) or high throughput sequencing (ChIP-seq) (Schuster, 2008). 
However, because ChIP involves chromatin purification, it only works for soluble 
proteins such as transcription factors, but doesn’t work well for identifying interactions of 
DNA with nuclear structural components that are generally difficult to solubilize. 
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As a result, the Dam identification (DamID) method was developed. Similar to ChIP, it 
identifies DNA loci associated with a particular protein in vivo, but by directly labeling 
DNA inside the cells. In this method, the E. coli DNA adenine methyltransferase (Dam) 
is fused with the protein and methylates DNA sequences this protein binds to. The 
methylated DNA is then amplified by methylation-specific PCR and identified by 
microarray analysis (Vogel et al., 2007). ChIP and DamID both work very well at the 
molecular level with less than 1kb resolution. However, they both require physical 
contact between the protein and DNA. In addition, ChIP requires high specific antibodies, 
and has relatively low crosslinking and purification efficiency. DamID method does not 
provide time resolution, because for this method to be specific, the Dam fusion proteins 
needs to be expressed at a very low level and requires a long time to efficiently methylate 
the DNA, usually over multiple cell divisions. It also involves engineering and expression 
of a fusion protein, which is very time-consuming. 
 
All the above techniques, microscopic or genomic, have their unique advantages and also 
disadvantages. They are being used alone or combined to understand the chromatin 
organization, its self-interaction, and interactions with proteins and nuclear compartments. 
However, there is little connection between spatial context visualized by microscopy 
approach and the sequence context identified by the genomic mapping approach. There is 
also no method available that can measure cytological distances, as ChIP, DamID and 
Hi-C are only able to identify DNA-DNA and DNA-protein interactions that involve 
direct molecular contact. In the following chapters, I will introduce “TSA-Seq”, a 
powerful new genomic mapping method I developed to study 3D genome organization 
that complements existing methodologies. It is the first method that can measure 3D 
spatial distance and transform this information into the 2-dimentional readout 
(quantitative value along the genome sequence), which directly connects microscopy 
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views to genome-wide maps (with genomic sequences). I will describe in detail guidance 
of how to use this method, the advantages and limitations of TSA-Seq, and the new 
insights we have obtained in 3D genome biology applying TSA-Seq.  
 
Chromatin domain organization, nuclear compartmentalization and relationship 
with gene expression  
The spatial distribution of chromatin is non-random. It has become increasingly evident 
that in various eukaryotic species chromatin is organized in nuclear compartments that 
are highly specialized for different nuclear processes (Misteli, 2007). The space where 
chromosomes occupy is called chromosome territories (CT), and the interchromatin 
space is filled with various nuclear bodies including nucleoli, nuclear speckles, Cajal 
bodies, PML bodies, and more. There is still a lot unknown about the functions of these 
nuclear compartments. 
 
One of the most studied nuclear compartments is the nuclear lamina. It is generally 
considered to be a transcriptional repressive compartment in mammalian cells, except for 
the regions near nuclear pores. Structurally, heterochromatin is observed by electron 
microscopy to be attached to the inner nuclear membrane (Croft et al., 1999); gene poor 
regions are also found to be near the nuclear periphery by DNA FISH (Murmann et al., 
2005). Experiments using the DamID method showed large chromosome domains 
( ≥1Mb) of low gene density and transcription level interact preferentially with the 
nuclear lamina (Guelen et al., 2008), which they termed “Lamina Associated Domains” 
(LADs). Recently, our lab and some other labs have found that lamin A/C, YY1, 
H3K27me3, and H3K9me2/3 are responsible for periphery targeting, suggesting multiple 
regulatory mechanisms working in a combinatorial way (Bian et al., 2013; Harr et al., 
2015). But we still have not fully understood the frequency, distribution and the 
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mechanism of such anchoring regions. Functional studies showed that tethering active 
genes to the nuclear lamina resulted in transcriptional repression, but not complete 
silencing (Finlan et al., 2008; Reddy et al., 2008). Yet the mechanism underlying this 
correlation between nuclear periphery positioning and transcriptional repression is still 
unclear.  
 
One of the active compartments is nuclear speckles, also called “SC35 domains” or 
“splicing factor compartment”. They were first described as a granule-like structure 
located in the interchromatin regions under electron microscopy, named “interchromatin 
granule clusters” (IGC) (Fakan and Puvion, 1980b). Later the connection was made 
between IGC and the speckle-like domains under light microscopy. They are enriched in 
pre-mRNA splicing factors (Phair and Misteli, 2000; Thiry, 1995; Wansink et al., 1993) 
and were thought to be closely related to pre-mRNA processing. Although they contain 
no DNA, they are surrounded by active genes and gene rich chromatin regions (Brown et 
al., 2008; Shopland et al., 2003; Thiry, 1995). Compared to nuclear lamina, nuclear 
speckles are much less studied. It is reported by DNA FISH that a subset of active genes 
is preferentially associated with speckles (Huang and Spector, 1991; Johnson et al., 2000; 
Moen et al., 2004; Smith et al., 1999; Xing et al., 1995b) and that speckle association 
may be promoter specific (Hu et al., 2010). Immunostaining of acetylated histones and 
bromouridine incorporation in RNA both showed enrichment near nuclear speckles 
(Hendzel et al., 1998). These facts suggest that besides supplying pre-mRNA processing 
factors and transcription factors, nuclear speckles also involve in organizing the 
formation of euchromatic neighborhoods on their periphery (Shopland et al., 2003; 
Spector and Lamond, 2011) and serve as hubs for gene networking (Hu et al., 2008). 
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Despite the complexity of the nuclear compartments, the current view of spatial 
organization is usually an over-simplification, with the periphery-inactive, interior-active 
binary division. The localization of chromatin and genes are usually measured by radial 
position (Bickmore and van Steensel, 2013; Bolzer et al., 2005). Chromatin is generally 
divided into two types: lightly packed, interiorly located, transcriptionally active 
euchromatin and tightly packed, peripheral located, transcriptionally inactive 
heterochromatin. Similarly, by DamID, the genome is also separated into LADs and 
inter-LADs (Guelen et al., 2008). Moreover, Hi-C experiments have shown that certain 
genomic regions have more chance to interact with each other even when they are 
separated linearly along the genome sequence, suggesting a binary division of the 
genome into spatially separated A and B compartments (Imakaev et al., 2012; 
Lieberman-Aiden et al., 2009).  
 
Most recently, a high resolution Hi-C map has been generated for one of the human cell 
lines, which divides the A and B compartment further into 6 subcompartments: A1, A2, 
B1, B2, B3 and B4, pointing towards a more complicated organization rather than a 
binary division (Rao et al., 2014). Based on the genomic features such as histone 
modification, LADs/iLADs assignment, and replication timing, B1 is suggested to be 
enriched in facultative heterochromatin, B2 is enriched in both pericentroeric 
heterochromatin and LADs, and B3 is enriched in LADs but depleted of NADs (Nucleoli 
Associated Domains). Furthermore, A1 and A2 are similarly high in gene density, 
expression, and active marks, but differ in replication timing, with A1 being earliest and 
A2 being intermediary. However, there is no known nuclear structure association of A1 or 
A2. And even the proposed structural association for the other subcompartments is 
predicted theoretically based only on genomic features and no microscopic validation has 
been performed.  
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Dynamics of 3D genome organization and gene regulation 
The compartmental organization in eukaryotic nucleus is quite dynamic (Schneider and 
Grosschedl, 2007). One piece of evidence for such dynamics are shown as considerable 
alteration of chromosome position in cells made quiescent by reversible growth arrest 
(Mehta et al., 2010). Other observations of change in gene positioning have only been 
made on individual genes. For lamina, previous studies include relocation of 
developmentally regulated genes from the nuclear periphery to interior upon activation 
(Fitzsimmons et al., 2007; Hewitt et al., 2004; Kosak et al., 2002; Ragoczy et al., 2006; 
Williams et al., 2006) and rapid long-range movement of an interphase chromosome site 
from the nuclear periphery to the interior after transcription activation (Chuang et al., 
2006). For nuclear speckles, it has been shown that estrogen response genes are 
associated with speckles upon addition of estrogen (Hu et al., 2008; Jolly et al., 1999); 
movements of transgene arrays containing the stress response gene HSP70 to the speckle 
under heat shock has also been shown (Hu et al., 2009a; Jolly et al., 1999), where the 
association with speckles further enhances the level of expression (Khanna et al., 2014b). 
Genome-wide, with the Hi-C method, scientists have also identified changes of 
chromatin interaction associated with senescence (Chandra et al., 2015). This can result 
from a combination of changes in chromatin self-organization, such as compaction rate, 
and changes in intra-nuclear positioning.  
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CHAPTER 2: TSA-SEQ MAPPING OF CYTOLOGICAL DISTANCES TO 
NUCLEAR SPECKLES AND LAMINA REVEALS SPATIAL AND FUNCTIONAL 
NUCLEAR ORGANIZATION 
 
ABSTRACT 
The genome’s three-dimensional architecture likely plays a critical role in maintaining 
normal genome function; nuclear compartmentalization of chromosomes is an essential 
element of this three-dimensional organization. While cytological distances of 
chromosome loci from particular nuclear compartments can be measured by 
low-throughput microscopy approaches, no genomic method exists for comparable 
genome-wide distance-mapping of chromosome loci relative to defined nuclear structures 
and bodies. For example, although microscopy has demonstrated the association with 
(Hall et al., 2006) or even movement to (Khanna et al., 2014a) nuclear speckles of some 
genes upon transcriptional activation, the genome-wide prevalence of such speckle 
association is unknown, obscuring the functional significance of this association. Here we 
describe a new mapping method, TSA-Seq, which we used to estimate mean 
chromosomal distances from nuclear speckles genome-wide, demonstrate deterministic 
positioning of chromosome regions adjacent to speckles, and predict several Mbp-size  
chromosome linear trajectories between the nuclear periphery and nuclear speckles. 
Approximately 80% of the top 5% expressed genes map within an ~0.5 micron mean 
distance from a nuclear speckle. Further analysis reveals two major types of 
transcriptionally-enriched chromosome regions, largely corresponding to the A1 versus 
A2 Hi-C subcompartments (Rao et al., 2014), which segregate spatially based on their 
close (A1) or intermediate (A2) distance to nuclear speckles. Over the entire genome, 
nuclear speckle and lamin TSA-Seq signals inversely correlate and together define a 
nuclear lamina to nuclear speckle axis along which we mapped a striking gradient in the 
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spatial segregation of active chromatin marks, transcriptional activity, and timing of 
DNA replication, as well as the distribution of all Hi-C subcompartments. We anticipate 
future extension of TSA-Seq will allow estimation of cytological distances genome-wide 
from multiple nuclear compartments. The combination of cytological distance estimation, 
measured by TSA-Seq, with molecular contact frequencies, measured by methods such as 
DamID, should provide a powerful approach for genomic mapping of nuclear spatial and 
functional compartmentalization. 
 
RESULTS 
While the human genome has been sequenced, how this linear genome sequence folds in 
3D within the nucleus remains largely unknown. New genomic methods such as Hi-C 
have generated increasing interest in how 3D chromosome folding may regulate genome 
functions during development or in health and disease. However, these 3C-based methods 
do not directly report on chromosome positioning within nuclei. What is needed is an 
ability to translate microscopy views of DNA position relative to nuclear compartments 
into genome-wide maps that show how close loci are to a given compartment and how 
the chromosomal fiber traverses between compartments. ChIP-Seq and DamID can 
measure molecular contact frequencies with particular proteins but not the actual 
cytological distances from specific nuclear compartments. Here we present “TSA-Seq”, 
the first genomic method capable of estimating cytological distances of chromosome loci 
genome-wide relative to a particular nuclear compartment or target and even inferring 
chromosome trajectories from one compartment to another for certain chromosome 
regions. Our development of TSA-Seq was motivated by two major challenges presented 
in mapping chromosome regions to nuclear compartments, as illustrated by our 
application of TSA-Seq to map chromosome regions relative to nuclear speckles 
(Appendix Fig. A.1). Nuclear speckles were first visualized by transmission electron 
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microscopy (TEM) as dense clusters of 20-25 nm diameter RNP granules(Fakan and 
Puvion, 1980a), termed “interchromatin granule clusters” or IGCs. Serial section TEM 
reconstructions show large-scale chromatin fibers near, but not necessarily contacting, the 
periphery of these granule clusters (Belmont and Bruce, 1994). The first challenge, 
therefore, is how to label chromosome regions microscopically near but possibly not in 
direct contact with speckles. Moreover, all known speckle proteins are also found at 
lower concentration throughout the nucleus and most of these proteins are involved in 
RNA processing and/or transcription, bound to chromatin or nascent transcripts. The 
second challenge, therefore, is how to produce a signal proportional to the total amount of 
a protein within a microscopic neighborhood, rather than a signal derived from only the 
small fraction of that protein marker in molecular contact with the DNA. 
 
We turned to Tyramide Signal Amplification (TSA), a commonly used immunochemistry 
method for amplifying signals for target detection. TSA uses an antibody-coupled 
horseradish peroxidase (HRP) to catalyze the formation of diffusible biotin-tyramide free 
radicals and create a free radical concentration gradient centered at the staining target 
(Fig. 2.1a, Appendix Fig. A.2a-b). Previous TSA applications, including an attempt to 
identify DNA sequences localizing near PML bodies (Ching et al., 2013), have focused 
on protein labeling, through the known reaction of tyramide free radicals with tyrosines. 
Here we show for the first time that TSA also labels DNA (Appendix Fig. A.2c). By 
using DNA labeling we avoid potential biases inherent in a chromatin precipitation 
approach, introduced by differential chromatin solubilization and/or differential labeling 
caused by differences in the tyramide reactivity (related to tyrosine and tyrptophan 
content) of surrounding nonhistone proteins. The workflow then requires only a simple 
DNA extraction after TSA labeling, followed by affinity pull-down, prior to 
high-throughput sequencing (Fig. 2.1a). As compared to ChIP, input variation across the 
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genome is minimized and pull down specificity can be improved using harsher elution 
conditions. 
 
We chose antibody staining against the protein SON for TSA-Seq because of the higher 
enrichment of SON in nuclear speckles as compared to typical speckle markers such as 
ASF/SF2, as visualized by wide-field (Fig. 2.1b) and super-resolution 3D SIM and STED 
microscopy (Appendix Fig. A.3a-b). The TSA reaction in buffer alone (Condition 1) 
produced significant signal spreading. Adding sucrose increased the viscosity, thereby 
slowing the biotin-tyramide free radical diffusion and decreasing signal spreading 
(Condition 2). Adding sucrose with DTT further reduced signal spreading by the 
DTT-induced reduction of the mean tryamide free radical life-time (Condition 3) (Fig. 
2.1c). A TSA reaction using no primary antibody was done in parallel to control for 
secondary antibody background labeling and variability in DNA accessibility to free 
radical attack (Fig. 2.1c). As a first quality control, cell aliquots were stained with 
fluorescently labeled strepavidin for direct microscopic visualization of the biotin 
distribution produced by the TSA reaction (Fig. 2.1c). As a second quality control, biotin 
labeling was measured by DNA dot blot analysis (Appendix Fig. A.4a-b). DNA from 
successful TSA staining of different cell batches was pooled prior to affinity purification. 
 
We generated a genomic TSA enrichment map by plotting the log2 ratio of the 
normalized pull-down read density versus the normalized read density of input DNA over 
a 20 kbp sliding-window. We observed very similar enrichment maps for all three 
staining conditions (Fig. 2.1d), with an ~32-64-fold enrichment/depletion dynamic range. 
Enrichment peaks were slightly sharper and the dynamic range higher for staining 
Condition 2, which produced less spreading of the tyramide free radical. Condition 3 
further sharpened larger TSA peaks but reduced or eliminated smaller peaks and flattened 
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many valleys, as expected by the more limited range of the free radical diffusion. The no 
primary control TSA labeling produced a nearly flat map (Fig. 2.1d). SON TSA-Seq 
values inversely correlated with K562 cell lamin B1 DamID labeling (Fig. 2.1d); lamin 
associated domains (LADs) identified by DamID correspond to valleys in the SON 
TSA-Seq map, consistent with the known depletion of nuclear speckles near the nuclear 
periphery (Carter et al., 1991). 
 
Whereas the lamin DamID signal is nearly binary, SON TSA-Seq peaks show significant 
amplitude variations consistent with varying distances to nuclear speckles (Fig. 2.1d). 
Moreover, whereas LAD / inter-LAD domain transitions are relatively abrupt, peaks and 
valleys in the SON TSA-Seq plots typically are separated by Mbp-scale transitions 
(Fig.2.1d, red rectangles), consistent with the micron-scale distances between nuclear 
periphery and speckles and the observed ~1-3 Mbp per micron compaction of large-scale 
chromatin fibers (Hu et al., 2009b). The TSA-Seq signal shows smooth variations in 
magnitude over a size-scale of hundreds of kb; this is consistent with our observations of 
the TSA signal decaying slowly in magnitude over distances of several hundred nm and 
therefore our expectation of TSA-Seq measuring cytological distances rather than 
molecular proximity to speckles.  
 
We used 3D immuno-FISH to validate that SON TSA-Seq signals are indeed 
proportional to distance from nuclear speckles. We prepared BAC FISH probes for 8 
genomic regions corresponding to three peaks, three valleys, and two transition regions, 
as visualized in SON TSA-Seq color-coded decile and genomic plots (Fig. 2.2a&b). For 
each probe, we measured the distances between FISH spots and the nearest nuclear 
speckle. 
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A strikingly deterministic localization near nuclear speckles was seen for the three probes 
from SON TSA-Seq peaks (probe A, Fig. 2.2b, probes A-C, Appendix Fig. A.5a). Near 
100% of alleles mapped within 0.5 μm of a speckle, with mean distances between 
~0.1-0.2 μm (Fig. 2.2c-d, Appendix Fig. A.5b-c). Probes from transition (D-E) and valley 
(F-H) regions showed progressively larger mean speckle distances and broader distance 
distributions as a function of SON TSA values (Fig. 2.2b-d, Appendix Fig. A.5a-c).  
 
Because tyramide free radical diffusion can be modeled mathematically, we should be 
able to relate TSA enrichment at a chromosome locus to its speckle distance. Diffusion of 
tyramide free radicals from a point source combined with a spatially invariant free radical 
degradation rate is predicted to produce an exponential decay in free radical 
concentration with distance from this point source at steady-state.(Wartlick et al., 2009) 
To test this model, we used a cell line with multiple intranuclear GFP spots produced by 
EGFP-lac repressor binding to 256mer lac operator DNA tags contained within an 
integrated BAC multi-copy transgene array (Hu et al., 2009b). Each GFP spot served as a 
near point source for biotin-tyramide free radical generation after anti-GFP TSA. Using 
the line profiles of strepavidin staining of the observed biotin distribution (Fig. 2.2e-g, 
Appendix Fig. A.5d), we calculated the parameters producing the best fit to an  
exponential. As expected, TSA staining conditions 1-3 each produced statistically distinct 
exponential decay constant estimates (Appendix Fig. A.5e).  
 
If the SON TSA signal is dominated by spreading of tyramide free-radicals from nearby 
speckles, then the dependence of biotinylated DNA enrichment on speckle distance 
should follow a similar exponential fit. Indeed, DNA genomic enrichment as a function 
of mean speckle distance for the 8 FISH probes produces excellent exponential fits with 
estimated decay constants for all three TSA staining conditions within statistical error to 
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decay constants calculated from the microscopy of TSA-labeled lac operator sites (Fig. 
2.2g-h, Appendix Fig. A.5d-e).  
 
Using these exponential fits, we demonstrate very good reproducibility in estimated 
speckle distance genome-wide comparing the TSA-Seq results from Condition 1 versus 
Condition 2 TSA staining (residual mean, median, sd: 0.045, 0.03, 0.057 μm) (Fig. 2.2i-j). 
These exponential fits are calculated from just 8 genomic locations but appear to apply 
genome-wide, strongly supporting our model of the SON TSA-Seq signal being 
generated primarily by distance to speckles. The reproducibility is also high for 
Condition 3 for all estimated speckles distances less than ~0.4 μm. Above 0.4 μm, 
estimations of speckle distance are noisy because the Condition 3 TSA genomic 
enrichment decay curve has reached a plateau equal to background (Appendix Fig. A.5d). 
This decay curve also explains the flattening of the TSA-Seq valleys seen in the 
Condition 3 genomic plots (Fig. 2.1d). 
 
We next demonstrated the capability of predicting several Mbp chromosome trajectories 
directly from the SON TSA-Seq genomic plots. Many valley-to- peak transitions in these 
genomic plots showed linear slopes with chromosome position, with valleys typically 
corresponding to the position of LADs (Fig. 2.1d). Moreover, the corresponding LAD / 
inter-LAD boundary typically matched the beginning of the SON TSA-Seq transition 
region between valley and peak. Given the exponential dependence of TSA enrichment 
with speckle distance, these linear transitions predict a linear average trajectory of the 
chromosome between the nuclear periphery and speckle. 
 
To test these predictions we used 3D immuno-FISH experiments with BACs spanning a 
~4Mbp valley-to-peak transition zone in chromosome 2 (Fig. 2.2k, left panel). Two-color 
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immuno-FISH with BAC probe 1 at the LAD boundary and probe 3 in the middle of the 
transition showed probe 1 closer to the nuclear periphery in 96% of cases (110/114). 
Probe 1 located within 0.5 μm of the periphery in 78% of cases (89/114) (Appendix Fig. 
A.6a-b). Simultaneous hybridization using probes 1-4 showed one spot adjacent to the 
periphery and the others oriented as a near curvilinear trajectory of dots stretching 
towards the interior in 69% (85/124) of cases (Appendix Fig. A.6c-d). Adding probe 5 
labeled with a second color, we observed these dot trajectories typically terminating at a 
nuclear speckle (Fig. 2.2k, Appendix Fig. A.6e-j). Another ~3 Mbp transition zone in 
chromosome 10 showed similar trajectories from nuclear periphery to speckle (Fig. 2.2m, 
Appendix Fig. A.6k-p). Finally, we mapped both valley-to-peak transitions flanking the 
chromosome 2 peak, using different colors for each valley-to-peak transition (Fig. 2.2n, 
Appendix Fig. A.6q-w). Most trajectories were “U” or “V” shaped, with the two 
trajectory ends terminating at different nuclear periphery locations. Occasionally, the 
chromosome looped to the speckle and back again from the same nuclear periphery 
region (Appendix Fig. A.6s-w), 
 
Having validated the relationship between SON TSA-Seq signal and speckle distance, 
and how the genomic plots can predict chromosome trajectories, we next investigated 
how speckle distances correlate with genomic and epigenetic features. We divided the 
genome into equal sizes from low (decile 1) to high (decile 10) SON TSA-Seq values, 
color-coded these deciles from purple (decile 1) to red (decile 10) (Fig. 2.2a). We then 
used ENCODE and other public genomic data for K562 cells to calculate histograms 
showing the fraction of a given feature in each decile (Fig. 2.3a-j, Appendix Fig. 
A.7a-w). 
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Speckle proximity inversely correlates with gene size but correlates with increased GC 
content, Alu repeat number, gene density, CTCF and DNase 1 hypersensitive sites, and 
many active histone marks, including H3K4me1, H3K4me3, H3K27ac, H3K36me3, 
H3K79me2, H3K9ac. All these features show a striking linear or even steeper gradient 
spanning deciles 1-10. Importantly, these gradients in active marks are mirrored by 
similar gradients in gene activity. Gene expression and RNA pol2 all show steeper than 
linear gradients with increasing SON TSA decile (Fig. 2.3a, Appendix Fig. A.7h). 
Strikingly, this concentration of active transcription marks is most pronounced for the 
distribution of the top 5% expressed genes. Over 50% of the top 5% expressed genes map 
to the top SON TSA-Seq decile (Fig. 2.3c). Early DNA replication timing, which has 
been correlated with transcriptional activity, also correlates with decreased speckle 
distance and increasing SON TSA-Seq decile, while later DNA replication timing 
correlates with decreased SON TSA-Seq deciles (Fig. 2.2i, Fig. 2.3k-l).  
 
These progressive genomic spatial gradients in gene density, expression, and active 
marks contrast with previous suggestions of a binary division of the genome into two 
functional classes- active versus inactive. More specifically, LADs were shown to have 
lower gene density and mean gene expression relative to inter-LADs, implicitly 
suggesting a binary division of the genome into two functional classes (Guelen et al., 
2008). Division of Hi-C interactions into A and B type self-interacting domains 
reinforced this binary genome division (Lieberman-Aiden et al., 2009). Indeed, we 
observed a roughly binary division for LADs and certain histone heterochromatin marks 
with respect to speckle proximity (Fig. 2.3d-f, Appendix Fig. A.7), with LADs and 
H3K9me3 high for low SON TSA deciles and low for high deciles (Fig. 2.3d and 2.3f). 
H3K27me3, marking facultative heterochromatin, showed the inverse binary relationship 
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(Fig. 2.3e). How these binary genome divisions of certain marks relate to the continuous 
gradient distributions of active chromatin marks remains unclear . 
 
In particular, the steep falloff of transcription with increasing speckle distance is puzzling. 
The nuclear speckle periphery has been proposed to be a transcription hub for a subclass 
of genes (Hall et al., 2006; Shopland et al., 2003; Xing et al., 1995a), but RNA pol2 
transcription is present also throughout most of the nucleus. Indeed, RNA pol 2 
immunostaining and EU pulse-labeling of K562 cells both show two sites of transcription: 
an enrichment or even “ring” of transcription encircling nuclear speckles in addition to 
many scattered foci of transcription largely excluded from a thin peripherally located rim 
but present throughout most of the remaining nuclear interior (Appendix Fig. A.8).  
 
The recent description of two Hi-C active subcompartments, A1 and A2, provides an 
explanation for this gradient of transcription of marks relative to speckle distance. 
Plotting the distribution of A1 or A2 active subcompartment regions as a function of 
SON TSA-Seq deciles reveals two largely nonoverlapping distributions: A1 is heavily 
concentrated in the top two deciles while A2 is concentrated in the middle deciles (Fig. 
2.3j). Adding these two distributions together now reconstitutes a linear gradient (Fig. 
2.3j), quite similar to the genome-wide observed gradient for gene density, active 
chromatin marks, and measures of transcription (Fig. 2.3a-b, 2.3g-i). Therefore this linear 
gradient of transcription marks as a function of SON TSA-Seq decile can now be 
explained by the superposition of distributions from two types of transcriptionally active 
regions located near versus further from speckles. Although these A1 and A2 
subcompartments largely segregate spatially based on speckle proximity, they show 
roughly comparable distributions of gene transcription levels as measured by RNA-Seq 
levels, RNA pol2 binding, and the H3K36me3 mark characteristic of transcribing gene 
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bodies (Fig. 2.3m). However, the most highly expressed genes are skewed towards the 
A1 subcompartment and region with high TSA-Seq values as previously noted (Fig. 2.3c) 
and shown also by the skewed distribution of high RNA pol2 levels relative to SON 
TSA-Seq values (Fig. 2.3m, circled area)  
 
Moreover, comparing the A1 and A2 subcompartment annotation directly with the SON 
TSA-Seq genomic plots reveals that the A1 subcompartment regions map largely to large 
SON TSA-Seq peaks, while the A2 subcompartment regions map largely to smaller SON 
TSA-Seq peaks and “peaks-within-valleys” or local maximum in SON TSA-Seq values. 
Genomic plots showing various smoothed readouts of transcription- GRO-Seq, RNA-Seq, 
RNA pol2 ChIP, H3K36me3- reveal that both the large SON TSA-Seq peaks and the 
small SON TSA-Seq peaks and SON TSA-Seq peaks-within-valleys correspond to 
transcriptionally-enriched chromosome regions or “transcription hot-spots (Fig. 2.3n). To 
quantitate these correlations, we normalized RNA pol2 ChIP data using the same sliding 
window/log2 ratio approach used for our TSA-Seq data. We identified broad peaks of 
positive enrichment, and then matched the SON TSA-Seq local maximum within these 
pol2 enrichment peaks while also recording their Hi-C subcompartment identity. We then 
created a histogram showing the number of SON TSA-Seq local maximum as a function 
of SON TSA-Seq percentiles (Fig. 2.3o). This histogram indeed reveals a bimodal 
distribution, suggesting two classes of transcription hot-spots distinguished by their 
proximity to nuclear speckles (Fig. 2.3o), with the first distribution mode corresponding 
largely to speckle proximal A1peaks and the second mode corresponding largely to A2 
subcompartment regions aligning with SON TSA-Seq local maximum locating further 
from nuclear speckles.  
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A1 and A2 Hi-C subcompartments also segregate partially by DNA replication timing, 
with nearly all A1 regions and A2 regions localizing at intermediate and close speckle 
distances replicating early, but A2 regions segregating furthest from speckles replicating 
later (Fig. 2.3m). We note that this differential spatial segregation of A1 and A2 
transcription hot-spots and timing of replication by speckle distance is likely 
underestimated due to the comparison being made using Hi-C subcompartment data from 
the GM12878 cell line, whose Hi-C compartment divisions are similar but not identical 
with K562 cells (Rao et al., 2014).  
 
We interpret the SON TSA-Seq small peaks and “peaks-within-valleys” with 
intermediate SON TSA-Seq values as corresponding to A2 transcription hot spots 
locating away from speckles but in the nuclear interior away from heterochromatin 
compartments such as the nuclear periphery, which we assume correlate with SON 
TSA-Seq valleys. To test this prediction more rigorously, we performed TSA-Seq using 
monoclonal antibodies directed against both lamin A/C and lamin B1. Although lamin 
A/C and lamin B1 DamID were shown to produce nearly identical LAD identification 
(Meuleman et al., 2013), we chose to survey both lamin A/C and lamin B by TSA-Seq to 
ensure that we were measuring proximity to the nuclear periphery as a whole rather than 
proximity to different nuclear lamina subcompartments. Ignoring subtle differences, the 
overall pattern of Lamin A/C and lamin B TSA-Seq maps in fact are quite similar, and 
both show a striking anti-correlation with the SON TSA-Seq map (Fig. 2.4a). We 
attribute the reduced dynamic range of the lamin A/C versus lamin B TSA-Seq, to the 
small fraction of nucleoplasmic lamin A that leads to a noticeably reduced ratio of 
nuclear lamina to nucleoplasmic staining (data not shown). Lamin TSA-Seq peaks of 
lamina agree remarkably well with LADs identified by lamin B1 DamID (Fig. 2.4a).  
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Comparison of SON and lamin TSA-Seq strongly supports our prediction that SON 
TSA-Seq small peaks and peaks-within-valleys arise from chromosome trajectories 
projecting from the nuclear periphery into nuclear interior regions not near speckles. 
Lamin TSA-Seq maps reveal quantitative differences among inter-LADs and thus their 
relative distances to the nuclear periphery. Small inter-LAD regions of a few hundred kb 
show only small decreases in their lamin TSA-Seq values, implying that they do not 
extend far from the nuclear periphery. The most negative lamin TSA-Seq valleys 
correlate with the largest SON TSA-Seq peaks and A1 subcompartment regions, whereas 
less deep lamin TSA-Seq valleys correlate with SON TSA-Seq small peaks and 
peaks-within-valleys. This implies that speckle-associated regions tend to lie furthest 
from the nuclear periphery, as supported by lamin vs SON TSA-Seq genomic and gene 
scatter-plots showing a tight inverse correlation, particularly for lamin B1 (Appendix Fig. 
A.9a-c). This larger physical distance to the nuclear periphery for speckle-associated 
regions correlates with a shift to longer genomic distances separating A1 
speckle-associated SON TSA peaks versus A2 SON TSA small peaks and 
peaks-within-valleys from the nuclear periphery (Fig. 2.4b-c). Here we measured the 
genomic distance between SON TSA-Seq peaks to the nearest LAD / inter-LAD 
boundary. 
 
Analysis of the combined lamin and SON TSA data reveals a pronounced enrichment of 
the most highly expressed genes very far from lamin and very near speckles (Fig. 2.4d). 
This 2D-TSA distribution is noticeably skewed for these highly expressed genes within 
the top 2 SON TSA deciles towards closer speckle association versus increased lamin 
distance (boxed region, Fig. 2.4d&e). Non-expressed genes and genes expressed at low to 
intermediate levels are enriched in regions closer to the nuclear lamina and further from 
speckles. Although there is a progressive shift away from the nuclear periphery with 
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increasing expression (Fig. 2.4e, Appendix Fig. A.9d), there is no significant skewing 
either towards the nuclear lamina or away from speckles.  
 
Timing of DNA replication has been correlated previously with nuclear position, with 
late-replicating regions enriched at the nuclear periphery and early-replicating regions in 
the nuclear interior (O'Keefe et al., 1992; Pope and Gilbert, 2013). Interestingly, our 2D 
lamin-SON TSA data now demonstrates a near continuous relationship between position 
along this lamin-speckle distance axis and timing of DNA replication (Fig. 2.4f-h). Late 
replicating chromosome regions cluster nearly uniformly towards high lamin and low 
SON TSA values (Fig. 2.4f); in contrast, the earliest replicating chromosome regions are 
clustered towards low lamin and high SON TSA values (Fig. 2.4g). In between, 
progressive shifts towards earlier replication timing are accompanied by a progressive 
shift towards lower lamin and higher SON TSA-Seq values (Fig. 2.4h, Appendix Fig. 
A.9e). For genome regions localized towards the nuclear interior (below the lamin B 
TSA-Seq 50% percentile value), there is a slight skewing of earlier replicating regions 
towards disproportionally higher SON TSA-Seq values and intermediate replicating 
regions towards lower lamin B TSA-Seq values (Fig. 2.4h, Appendix Fig. A.9e, red 
ellipses). 
 
Finally, there is a clear differential spatial segregation of the five major Hi-C 
subcompartments along this lamin-speckle distance axis (Fig. 2.4i). Interestingly, this 2D 
TSA-Seq data suggests a more peripheral distribution for the B3 versus B2 
LAD-enriched Hi-C subcompartments. This spatial segregation hints at heterogeneity 
within or between LADs that may have functional correlations, given the variation in 
transcription and replication timing along this same axis. The closer association of the A1 
versus A2 subcompartment near speckles has already been discussed. The 
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polycomb-enriched B1 repressive compartment is actually skewed further from the 
nuclear periphery and closer to speckles than the A2 active compartment (Fig. 2.3j&k, 
Fig. 2.4i). 
 
Our combined TSA-Seq data therefore predicts several spatially distinct nuclear 
compartments, as sketched in Fig. 2.4j and supported by immunofluorescence and EU 
pulse labeling (Appendix Fig. A.8). Whereas previous FISH studies established many 
examples of genes shifting to a more interior intranuclear location upon gene activation, 
this change in positioning appeared highly stochastic(Kolbl et al., 2012). In contrast, here 
we show highly deterministic gene positioning for the A1 transcription hot-spots near 
nuclear speckles. We speculate that positioning of the transcription hot-spots correlating 
with the A2 Hi-C active subcompartment may eventually prove equally deterministic as a 
function of distance relative to a still poorly defined nuclear compartment which may 
correspond to previously described “transcription factories” (Sutherland and Bickmore, 
2009). The overall SON TSA-Seq pattern of large and small peaks and peaks within 
valleys remains remarkably invariant after heat-shock, which substantially inhibits most 
transcription(Findly and Pederson, 1981) and eliminates detectable EU pulse-labeling of 
nascent RNA from most of the nucleus (data not shown). This invariance suggests that 
these transcriptionally active chromosome regions do not require ongoing transcriptional 
activity to maintain their nuclear localization. 
 
More generally, here we have described the first genomic method capable of estimating 
cytological distances, rather than molecular proximity, genome-wide from a given 
nuclear target. Previous low-throughput FISH studies had established rough links 
between transcription and timing of DNA replication versus nuclear position. Our 
TSA-Seq analysis now enables much more complete correlations of nuclear position with 
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a full range of genome-wide measurements. TSA-Seq does not require genetic 
manipulation and can be used on any fixed sample suitable for immunostaining. We refer 
to TSA-Seq as a “What you see is what you get” genomic method, because it produces a 
signal whose nuclear distribution can be directly visualized microscopically prior to DNA 
purification, affinity purification, and DNA sequencing. Using TSA-Seq we were able to 
estimate mean distances of chromosome loci from nuclear speckles and even predict the 
intranuclear trajectories of several Mbp chromosome regions, as visualized directly by 
light microscopy. We anticipate that multiple TSA data sets, each probing distances to 
different nuclear compartments, may allow a global deconvolution of genome 
organization throughout the nucleus. Because TSA-Seq has no inherent limitation on time 
resolution, this method also is ideally suited for measuring dynamic changes in nuclear 
organization. 
  
METHODS 
TSA-Seq 
TSA cell labeling. K562 cells were obtained from the ATCC and cultured according to 
the recommended protocol from the ENCODE Consortium 
(http://genome.ucsc.edu/ENCODE/protocols/cell/human/K562_protocol.pdf). SON TSA 
labeling was done in independent cell batches. For each batch, cells were divided equally 
and stained according to four labeling protocols: “Condition 1”, “Condition 2”, 
“Condition 3”, and “No 1o control”. Identical staining conditions were used except that 
50% sucrose was included in the TSA staining buffer for the “Condition2” protocol, 
0.75mM DTT in addition to 50% sucrose was added in the TSA staining buffer for the 
“Condition 3” protocol, and the anti-SON primary antibody was omitted for the “No 1o 
control” protocol. Conditions for all the different SON, Lamin A, and Lamin B TSA-Seq 
experiments performed are summarized in Table B.1 in Appendix B. 
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Cells were fixed by adding 10 ml of 8% paraformaldehyde (Sigma-Aldrich) freshly 
prepared in CMF-PBS (calcium, magnesium-free phosphate buffered saline) to 40 ml of 
cells in culture media, incubating for 20 min at room temperature (RT), and quenching 
aldehydes by addition of 5.6 ml of 1.25 M glycine (Fisher Scientific) and incubation for 5 
min at RT. All incubation steps during this staining protocol used a rotating platform for 
constant mixing of the cell suspension. Cells were then pelleted by centrifugation and 
resuspended in CMF-PBS buffer with 0.5% Triton-X100 (Sigma-Aldrich) for 30 min at 
RT. All centrifugations were for 5 min at 100-200g. Cells were centrifuged at RT and 
resuspended in 1.5% H2O2 (Fisher Scientific) in CMF-PBS for 1h at RT to quench 
endogenous peroxidases, followed by 3 washes at RT in PBST 
(0.1%Triton-X100/CMF-PBS) by repeated centrifugations and resuspensions of the cell 
pellet.  
 
Cells were resuspended in IgG Blocking Buffer (5% Normal Goat Serum (Sigma-Aldrich) 
in PBST) at a concentration of 10
7
 cells/ml for 1 hr, followed by centrifugation and 
resuspension in primary antibody solution (Rabbit-anti-SON primary antibodies (Atlas 
antibodies cat # HPA023535) diluted 1:1000 or 1:2000 in IgG Blocking buffer, or 
Mouse-anti-Lamin A/C monoclonal primary antibodies (Clone 5G4, a gift from Dr. 
Robert Goldman) diluted 1:1000 in IgG Blocking buffer, or Mouse-anti-Lamin B1/B2 
monoclonal primary antibodies (Clone 2D8, a gift from Dr. Robert Goldman) diluted 
1:1000 in IgG Blocking buffer), at10
7
 cells/ml and incubated 20-24 hrs at 4°C. For the no 
primary control, cells were incubated in IgG Blocking buffer only. Cells were then 
washed 3x with PBST, resuspended in IgG Blocking buffer with secondary antibodies at 
10
7
 cells/ml, and incubated 20-24 hrs at 4°C. Secondary antibodies (Jackson, 
ImmunoResearch) used were HRP conjugated, goat-anti-rabbit secondary antibody 
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diluted 1:1000 or HRP conjugated goat-anti-mouse secondary antibody diluted 1:200 or 
1:1000. 
 
Cells then were washed 3x in PBST and resuspended in reaction buffer A (CMF-PBS for 
Condition 1, or CMF-PBS with 50% sucrose for Condition 2, or CMF-PBS with 50% 
sucrose and 1.5mM DTT for Condition 3) at 2 x 10
7
 cells/ml. Equal volumes of buffer B 
(8mM tyramide-biotin stock solution diluted 1:5000 with 0.003% H2O2 in CMF-PBS for 
Condition 1, or CMF-PBS with 50% sucrose for Conditions 2 and 3) were then added. 
Cells were incubated for 10 min and then washed 3x in PBST at RT. Tyramide-biotin 
was prepared using tyramide hydrochloride (Sigma), EZ-link Sulfo-NHS-LC-Biotin 
(Pierce), dimethyl formamide (Sigma), and triethylamine (Sigma), as previously 
described(Davidson).  
 
Monitoring TSA labeling by anti-biotin immunostaining. After each TSA labeling 
batch, one drop of the cell suspension was placed on a glass coverslip, air-dried, and 
fixed with 1.6% paraformaldehyde in CMF-PBS at RT for 15 min. After washing in 
PBST 3 x 5 min, coverslips were incubated 30 min at RT with Streptavidin-Alexa Fluor® 
594 (Invitrogen) diluted 1:200 in CMF-PBS, washed 3 x 5min at RT in PBST, and 
mounted in anti-fade media (0.3 µg/ml DAPI (Sigma-Aldrich) /10% wt/vol Mowiol 4–88 
(EMD) / 1% wt/vol DABCO (Sigma-Aldrich) / 25% glycerol / 0.1 M Tris, pH 8.5).  
 
DNA isolation from labeled cells. Cell lysis, and protease digestion were done at 55°C 
with constant mixing of the cell suspension (10
7
 cells/ml) in 10mM Tris, 10mM EDTA, 
0.5% SDS and 500µg/ml proteinase K (NEB) for 8-12 hrs. NaCl was added for a final 0.2 
M concentration and the lysate incubated another 20-24 hrs at 65°C with constant mixing 
to reverse formaldehyde crosslinking. DNA was extracted 2x using an equal volume of 
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phenol (Fisher)/chloroform/isoamyl alcohol (25:24:1) and 1x with an equal volume of 
chloroform/isoamyl alcohol (24:1). Tubes were kept at 55°C for 1h with the cap off to 
evaporate phenol residues, and then treated with 25 µg/ml RNaseA (Qiagen) at 37
o 
C for 
1hr, and extracted again in the same way. DNA was then precipitated with 1/10 volume 
of 3M Na Acetate, pH 5.2, and 2 volumes of 100% EtOH at -20 
o
C
 
for 20 min – 2 hrs. 
 
DNA fragmentation. DNA was dissolved in ddH20 and sonicated to 200-800 bp with the 
majority of the fragments at ~500bp. A Branson 450 Digital Sonifier (with Model 102 
Converter and a microtip) or a Bioruptor (UCD-200 or Pico) were used. For the Branson 
Sonifier, each sonication was done twice with 250 µl volume in 1.5ml Eppendorf tubes 
on ice for 20 sec (1 sec chase, 1 sec pulse, total 40s). For the Bioruptor, sonication was 
done with 30s on and 30s off but the number of cycles varied from tube to tube. 
 
Monitoring biotin labeling of DNA by dot blot. DNA was spotted onto Nitrocellulose 
membrane (0.45µm, Bio-Rad) and UV cross-linked to the membrane (0.24 joules, UV 
Stratalinker 1800, Stratagene). The membrane then was blocked in SuperBlock (TBS) 
Blocking Buffer (Pierce) with 0.05% Tween (Sigma-Aldrich) for 1 hr, incubated 12-16 
hrs at 4 °C with Streptavidin-HRP (Invitrogen) diluted 1:2500 in the same blocking 
buffer, washed at RT with TBST (TBS/0.05% Tween), treated with SuperSignal West 
Pico chemiluminescent substrate (Thermo Scientific), and exposed with CL-XPosure 
Film (Thermo Scientific).  
 
Affinity purification of biotinylated DNA. DNA derived from TSA staining batches 
that produced satisfactory TSA labeling, as verified by microscopy and dot blot analysis, 
was pooled for affinity purification. The required ratio of DNA and Dynabeads M-270 
Streptavidin (Invitrogen) was estimated from the anti-biotin dot blot results and the 
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known binding capacity of the beads. Beads were washed 3x in Wash and Binding 
(W&B) buffer (5mM Tris-Cl, pH7.5, 0.5mM EDTA, 1M NaCl) using a magnetic stand. 
10% of the input DNA was set aside. The remaining DNA was mixed with an equal 
volume of 2x W&B buffer. DNA samples in 4x the bead volume were mixed with the 
beads and rotated at RT for 0.5 hr. The beads were immobilized in a magnet, the solution 
removed, and an additional 4x bead volume of DNA in W&B buffer was added. This was 
repeated until all DNA from each staining condition had been bound to the beads. The 
last incubation was extended for 8 hrs at 4 °C. Beads then were washed at RT 4x with 1x 
Wash and Binding buffer, 4x with TSE 500 (20 mM Tris pH 8.0, 1% Triton, 0.1% SDS, 
2 mM EDTA, 500 mM NaCl), 4x with 1x Wash and Binding buffer, and 4x with TE 
buffer (10 mM Tris, 10 mM EDTA, pH 8.0).  
 
Beads were then resuspended in 10mM Tris, 10mM EDTA, 0.5% SDS, and 1mg/ml 
proteinase K at 600µl per 100µl of the original bead volume. Free biotin was added using 
30µl of a 2 mM stock solution per 100µl of the original bead volume and beads digested 
overnight at 55°C with rotation. DNA was then extracted using phenol/chloroform as 
described previously and precipitated using 0.05 µg/ µl glycogen (Fermentas) as a carrier 
with 1/10 volume of Na Acetate and 2 volumes of 100% EtOH for 12-16 hr at -20 °C.  
 
Library preparation and high-throughput DNA sequencing. For each of the TSA-Seq 
experiment staining conditions, input and Streptavidin pull-down DNA were used to 
make sequencing libraries, using the Kapa Hyper Prep Kit (Kapa Biosystems). Shortly, 
the DNAs were blunt-ended, 3’-end A-tailed and ligated to indexed adaptors with 6nt 
barcodes. Adaptored DNA were amplified by PCR to selectively enrich for those 
fragments that have adapters on both ends. Amplification was carried out for 8-15 cycles 
with the Kapa HiFi polymerase (Kapa Biosystems, Woburn, MA) to reduce the likeliness 
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of multiple identical reads due to preferential amplification. The final libraries were run 
on Agilent bioanalyzer DNA high-sensitivity chip (Agilent, Santa Clara, CA) to 
determine the average fragment size and to confirm the presence of DNA of the expected 
size range. They were also quantitated by qPCR on a BioRad CFX Connect Real-Time 
System (Bio-Rad Laboratories, Inc. CA) prior to pooling and sequencing. Libraries were 
pooled in equimolar concentration based on the qPCR concentration and sequenced on a 
one lane for 101 cycles on an Illumina HiSeq2000 or HiSeq2500 using a HiSeq SBS 
sequencing kits version 4. The raw .bcl files were converted into demultiplexed 
compressed fastq files using the bcl2fastq 1.8.2 conversion software (Illumina). From 
28-81 million 100 nt reads were obtained for each sample, with average quality scores > 
30. Library preparation and sequencing were done by the High-Throughput Sequencing 
and Genotyping Unit of the Roy J. Carver Biotechnology Center at UIUC. 
 
Lamin B1 DamID 
DamID of Lamin B1 was performed in K562 cells as described (Meuleman et al., 2013; 
Vogel et al., 2007), except that prior to the DpnI digestion 1.5μg genomic DNA was 
treated for 1 hr with 5 units of Antarctic phosphatase (NEB, cat # M0289S) in 20μl of 1X 
Antarctic Phosphatase Reaction Buffer (NEB) followed by ethanol precipitation. This 
additional step prevents ligation of the adaptor to DNA fragments originating from 
apoptotic cells. Samples from 2 independent biological replicates were hybridized to 
human genome tiling microarrays (Nimblegen HD2) which contained 2.1 million probes 
designed as previously reported (Meuleman et al., 2013). 
 
3D Immuno-FISH 
FISH probes were made from BACs (Invitrogen, see SI for the list of BACs and the 
chromosome locations of their inserts). Probes were labeled with biotin or DIG using 
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nick translation (BioNick kit; Invitrogen) according to manufacturer’s instructions, with a 
minor change for digoxigenin (Dig) labeling, in which the kit’s 10X dNTP mix was 
replaced by 0.125 mM Dig-11-dUTP (Roche), 0.375 mM dTTP (NEB), 0.5 mM dATP 
(NEB), 0.5 mM dCTP (NEB), 0.5 mM dGTP (NEB), 500 mM Tris-HCl, pH8.0, 50 mM 
MgCl2 and 500 ug/ml BSA (NEB). Alternatively, DNA was end labeled using terminal 
transferase as described elsewhere (Dernburg, 2011) with the following reagents: 
terminal transferase and 5x buffer (Fermentas) and dATP (NEB) and biotin-14-dATP 
(Life Technologies) for biotin labeling or dTTP (NEB) and Dig-11-dUTP (Roche) for Dig 
labeling. Concentrations of labeled and unlabeled nucleotides were 54 µM and 108 µM, 
respectively, for a 25 µl reaction with 2 µg fragmented DNA. 
 
K562 cells were plated on poly-L-lysine (MW 70,000-150,000, Sigma-Aldrich) coated 
Circes #1.5 glass coverslips (Fisher Scientific) in a 24-well plate at 0.3ml per well and 
10
5
-6x10
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cells/ml in RPMI culture media plus 10% FBS (Sigma). Cells attached after 15 
min at 37°C in a humidified incubator with 5% CO2. Cells were then permeabilized in 
0.1% Triton in CMF-PBS for 1 min at RT, fixed with freshly prepared 3.6% 
paraformaldehyde (Sigma-Aldrich) in CMF-PBS for 10 min at RT, and quenched with 
0.5M glycine (Fisher Scientific) in CMF-PBS for 5 min at RT.  
 
Our 3D immuno-FISH was modified from that previously described (Bian et al., 2013). 
For anti-SON and anti-Lamin B1/B2 immunostaining, cells were blocked in IgG 
Blocking buffer for 1hr at RT, incubated with rabbit-anti-SON antibodies diluted 1:1000 
with or without mouse-anti-Lamin B1/B2 antibodies diluted 1:250 in IgG blocking buffer 
overnight at 4°C, washed with PBST 3 x 5 min at RT, incubated 1 hr at RT with 
FITC-labeled, secondary goat-anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:500 
with or without AMCA labeled, secondary goat-anti-mouse IgG (Jackson 
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ImmunoResearch) diluted 1:50 in IgG blocking buffer, and washed 3x5 min with PBST 
at RT. Cells were then post-fixed with 3% paraformaldehyde in CMF-PBS for 10 min at 
RT, quenched with 0.5M glycine in PBS for 5 min at RT, and washed with PBST for 
5min at RT.  
 
Coverslips were incubated in 20% glycerol in CMF-PBS for 30-60 min at RT, frozen and 
thawed 6x using liquid nitrogen, washed 3 x 5 min with PBST, rinsed and incubated on 
ice with 0.1M HCl/0.7% Triton/2x SSC for 10 min, and then washed 3x 5 min with 2x 
SSC. FISH probes (100 ng for probes made by nick translation, 20 ng for probes made 
using terminal transferase) in 4 ul of hybridization buffer (10% dextran sulfate, 50% 
formamide, 2x SSC) were then added to coverslips and sealed onto glass slides with 
rubber cement. Samples were denatured on a hot plate at 76°C for 3 min and then 
hybridized 18-72 hrs in a humid chamber at 37°C.  
 
Coverslips then were washed at 70°C in 0.4x SSC for 2 min and at RT in 4x SSC for 5 
min. Alternatively, they were washed at 37°C for 3 x 5 min in 2x SSC, and then at 60 °C 
for 3 x 5 min in 0.1x SSC, and at RT in 4x SSC for 5 min. The biotin and DIG signals 
were detected by incubation for 40 mins to 2 hrs at RT in a humidified chamber with 
Streptavidin-Alexa Fluor® 594 (Invitrogen) diluted 1:200 and/or mouse-anti-DIG- Alexa 
®Fluor 647 (Jackson ImmunoResearch) diluted 1:100 in 4x SSC with 4% BSA (Sigma). 
Coverslips were washed in 4x SSC/0.1%Triton-X100 3x 5min and mounted in 
DAPI-containing, anti-fade mounting media. 
 
Microscopy 
3D optical-section images were taken with 0.2 μm z-steps using an Applied Precision 
personal DeltaVision microscope system and Deltavision SoftWorx software (GE 
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Healthcare) with a 60x, 1.4 NA objective lens and a Cool-SNAP HQ2 CCD camera. 
Images were deconvolved using an enhanced ratio, iterative constrained algorithm 
(Agard et al., 1989) within the Applied Precision SoftWorx software (GE Healthcare). 
For immunoFISH images, 3D distances were measured from the center of each FISH spot 
to the edge of its nearest nuclear speckle using the Standard Two-Point Measure tool in 
the SoftWorx software. All images in figure panels were prepared using ImageJ software 
and Photoshop CS6 (Adobe, San Jose, CA). Image enlargement used bicubic 
interpolation in Photoshop CS6.  
 
Exponential Fitting of Microscopy and TSA-Seq Data 
For microscopy images, intensity in both green and red channel of each pixel along the 
line is recorded and exported using line profiling function in imageJ software, the 
intensity data is then plotted against distance using OriginPro 9.1. TSA signal (red 
channel) is used for nonlinear curve fitting in OriginPro 9.1, using exponential model and 
equation y=y0+A*exp(R0*x), where the y value is the TSA signal intensity, and x is the 
distance to the location of peak intensity. Levenberg Marquardt algorithm is used for 
iteration. 
 
TSA-Seq genomic data fitting is also performed using OriginPro 9.1 with the same 
setting as used for microscopy images. But here the y value is the TSA enrichment ratio 
between pull-down and input (before taking log2), and the x value is the average speckle 
distance measured from 100 alleles by 3D immunoFISH.  
 
Read Mapping and Processing 
Raw sequencing reads were first mapped to the human genome (UCSC hg19) using 
Bowtie 2 version 2.0.2 (Langmead and Salzberg, 2012) with default parameters. 
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Chromosome Y was excluded in the reference genome to reduce mapping bias since the 
K562 cell line was derived from a female. PCR duplicates reads were removed using 
rmdup command from SAMtools version 0.1.19 (Li et al., 2009) with default parameters.  
 
We then normalized and processed the TSA-Seq data using a sliding window approach as 
follows. First, the normalized TSA-Seq enrichment score was calculated as in Eq. 1, 
where  is the number of mapped reads in a 20kb window in pull down sample and 
 is the total number of mapped reads of pull down sample ( and  are 
defined similarly for input data). This approach can be interpreted as the fold change 
between the pulldown sample and the input corrected by the total number of mapped 
reads in each sample. The window slides on the genome with a step size of 100 bp.  
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Analysis of SON TSA-Seq Correlations with Other Genomic Features 
To correlate the SON TSA signal with other genomic features, we partitioned the genome 
into non-overlapping 20 kb bins, averaging the TSA-Seq score (Eq. 1) over the 100 bp 
intervals within this bin for the new TSA-Seq 20 kb score. The values for these 20 kb 
bins were then smoothed by convolution using a Hanning window of length 21 (21 x 20 
kb or 420 kb). This new smoothed TSA-Seq score with 20 kb sampling was used for 
SON TSA-Seq decile calculations and comparisons with other genome features. 
 
Various functional genomic data-sets available for K562 cells were downloaded from the 
ENCODE project portal (https://www.encodeproject.org/) (Summarized in Table B.3 in 
Appendix B). For gene expression analysis, we used mRNA FPKM (Fragments Per 
Kilobase of Transcript Per Million Mapped Reads) values based on RNA-Seq data for 
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protein coding genes. Gene density was calculated by taking the fraction of protein 
coding genes in each SON TSA-Seq decile. For DNase I hypersensitive sites we 
calculated the number of DNase-Seq peaks contained within each decile. Histone 
modification and transcription factor ChIP-Seq data are classified into punctuated peaks, 
broad peaks, or a mixture of punctuated and broad peaks based on signal enrichment 
patterns. ChIP-Seq data (H3K27ac, H3K4me1, H3K4me2, H3K4me3, H3K79me2, 
H3K9ac, CTCF) with punctuated peak patterns show sharply defined peaks of localized 
enrichment. ChIP-Seq data (H2A.Z, H3K27me3, H3K36me3, H3K9me1, H3K9m3, RNA 
pol2) with broad peak patterns show diffuse, wide-spread genomic ChIP-Seq signals 
without discrete peaks. ChIP-Seq data with a mixture pattern of punctuated peaks and 
broad peak show both local and large-scale signal enrichment (H4K20me1). 
 
For ChIP-Seq data with punctuated peaks, we counted peak number for each SON 
TSA-Seq decile. For ChIP-Seq data with broad peaks, we processed the ChIP-Seq data 
using a similar sliding window method as used for the TSA-Seq data (Eq. 2), using 
normalized ENCODE bigWig files for both the ChIP sample and input DNA.  is 
the sum of signals in a 20 kb window for the ChIP sample.  is the sum of signals 
in a 20 kb window for the input DNA.  is the expected value for a 20 kb window 
based on the total number of mapped reads and the total genome-mappable bp. 
 can be interpreted as the ChIP signal normalized by the input DNA signal. 
The mode of the normalized ChIP scores  was considered as the non-specific 
antibody-binding background level, which was subtracted from the normalized score in 
each 20 kb window to calculate the final ChIP-Seq enrichment score,  (Eq. 3). The 
summed ChIP-Seq enrichment scores were calculated for each decile. An exception was 
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H3K9me3 for which real signals were present throughout the genome. For this mark, the 
0.5% percentile value was assumed as background and subtracted from the normalized 
score. For data with a mixture of sharp and broad peaks, we calculated the total number 
of base pairs within the ChIP-Seq peaks (peak length) in each SON TSA decile.  
 
Genome GC-content data was downloaded from the UCSC Genome Browser and the GC 
fraction in each 20 kb bin calculated for each decile. We downloaded the RepeatMasker 
track for hg19 from the UCSC Genome Browser to calculate numbers of different repeat 
types in each decile.  
 
 
 
(Eq. 2) 
   
 
 
(Eq. 3) 
 
Replication timing and Hi-C subcompartment data from K562 and GM12878 cells, 
respectively, were compared with SON TSA-Seq deciles in two ways: 1. Calculating the 
fraction of each replication timing domain or Hi-C subcompartment group overlapping 
each SON TSA-Seq decile; 2. Calculating the fraction of each SON TSA-Seq decile that 
was comprised of each replication timing domain or each Hi-C subcompartment group. 
For display of replication timing, we also used the UW ENCODE Repli-Seq track 
corresponding to the wavelet-smoothed signal that combines data from different 
replication timing domains into one track.  
 
For analysis of LAD distribution among the SON TSA-Seq deciles, we first followed the 
algorithm described previously for LAD segmentation (Guelen et al., 2008). Adjacent  
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LADs were then merged if more than 80% of probes of the region between two LADs 
had positive log2 ratios. 
 
Convert SON TSA Score to Distance to Speckle 
The relationship between SON TSA-Seq score and distance to speckle was first 
determined by fitting to an exponential curve using microscopy data. Parameters of 
curves were determined using Levenberg Marquardt method. Then we converted genome 
wide SON TSA-Seq score of each 20 kb in into the distance to speckle using the 
equations we got from fitted curves. Distance residues were calculated as the absolute 
difference of distance to speckle between two data sets. 
 
Box Plots 
Each box plot shows median (inside line), 25th (box bottom) and 75th percentiles (box 
top). Upper whisker extends from 75th percentile to the highest value within 1.5-fold of 
the box length, and lower whisker extends from 25th percentile to the lowest value within 
1.5-fold of the box length. Outliers are marked as black dots. Means are marked with red 
diamond, if shown.  
 
Applying the Normalization Method Used for TSA-Seq to Pol2 ChIP-Seq Data 
The normalization scheme used for TSA-Seq data- which computes relative 
enrichment/depletion over a certain bin size- can also be applied to ChIP-Seq data. We 
processed the ENCODE K562 Pol2 ChIP-Seq and input raw fastq reads using the same 
alignment pipeline as used for the SON TSA-Seq data. Alignments from replicate 
ChIP-Seq experiments were merged. We calculated the normalized TSA-Seq enrichment 
score using Eq. 4. Here  is the number of mapped reads in a 20 kb window in the 
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RNA Pol2 ChIP-Seq sample (  is defined similarly for input data).  is the 
expected number of reads from the background nonspecific binding of RNA Pol2 
antibody to chromatin. To estimate  we first ranked the genomic intergenic regions 
from longest to shortest. We used the top 5% longest intergenic regions, which we 
assumed to be gene deserts, to estimate background reads. For these largest intergenic 
regions, we calculated the average read count per base pair in the ChIP-Seq data.  
is the product of the size in bp of the sliding window with this average background read 
count per bp. The background adjustment for each bin is done by using the 
 Finally,  is the total number of mapped read for ChIP-Seq 
sample after the background subtraction for each bin and  is the total number of 
mapped reads in input data. 
 
 
(Eq. 4) 
 
Transcription Hot-Zones 
To identify transcription hot-zones, we started with the smoothed RNA pol2 ChIP-Seq 
track. We identified all genomic regions with positive values > 0.1, and for each of these 
regions we matched it to the local maximum in the SON TSA-Seq signal within this same 
region. If more than one local maximum was present within the region, we used the 
largest local maximum. In nearly all cases, these SON TSA-Seq local maxima aligned 
with the local maxima in the smoothed RNA pol2 track. We identified the Hi-C 
subcompartment assignment corresponding to these SON TSA-Seq local maxima, as well 
as their SON TSA-Seq scores, and corresponding percentile. We then calculated the  
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distance distribution for the A1 and A2 SON TSA-Seq local maxima to the nearest LAD / 
inter-LAD boundary. 
 
2D TSA-Seq Scatter-Plots 
We used 2D scatter-plots to show the relationship of SON, lamin A/C, and lamin B 
TSA-Seq data. Each point represents a 300 kb bin for which the TSA-Seq average score 
was calculated from the discrete 20 kb TSA-Seq scores, smoothed by convolution, as 
described in the previous section. These points were plotted versus score value or 
percentile. The regression line (Figure A.9 in Appendix A) was calculated using the 
generalized additive model (GAM). We also used these 2D scatter-plots to show the 
relationship between lamin and SON TSA-Seq with gene expression or DNA replication 
timing. In these scatter-plots, the x-y axes correspond to either TSA-Seq score values or 
percentiles of the TSA-Seq score over the entire genome, with distribution projections 
shown on the sides. 
 
For gene expression data, we downloaded the nucleus RNA-Seq ENCODE data for K562 
cells. We calculated the FPKM of each gene and divided genes into two groups - 
expressed (FPKM>0) and non-expressed (FPKM=0). For expressed genes, we further 
separated them into 10 deciles, ranking them based on their FPKM value, where the 
90-100% decile represents the highest gene expression decile. Each dot in the scatter-plot 
represents a single gene. For DNA replication timing, we downloaded the UW Repli-Seq 
data (Hansen et al., 2010) for K562 cells. Each dot in the scatter plot represents a 300 kb 
genome bin. The fraction of each 300 kb bin replicating in each of the measured 
replication timing domains (G1, S1, S2, S3, and S4) was calculated and the bin was 
assigned to that replication domain with the largest fraction. 
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For computing the 2D TSA-Seq scatter-plot showing the distribution of Hi-C 
subcompartments, we computed the average lamin B or SON TSA-Seq scores in 320 kb 
non-overlapping bins calculated from the smoothed 20 kb bin TSA-Seq scores as 
described above for the other 2D scatter-plots. For each 320 kb bin, the fraction of this 
bin corresponding to each Hi-C subcompartment was calculated. The Hi-C 
subcompartment with the largest fraction was then assigned to this 320 kb bin. TSA-Seq 
scores were plotted as percentiles. 
 
2D TSA-Seq Plots of Weighted, Wavelet-Smoothed DNA Replication Timing 
We again used the UW replication timing data for K562 cells but now used the weighted, 
wavelet-smoothed composite signal which measures relative timing of DNA replication 
such that earlier replicating regions have higher values and ranked as percentiles. 
Average replication timing scores were calculated for 160 kb genomic bins. In Fig. 2.3m, 
each genomic bin was plotted as a function of average replication timing score versus 
SON TSA-Seq score. In Fig. 2.4h, each 160 kb genomic bin was mapped to a given lamin 
B and SON TSA-Seq percentile based on the average TSA-Seq score calculated for each 
160 kb bin using the smoothed TSA-Seq 20 kb bin data. We then divided the lamin B and 
SON TSA-Seq percentile ranges into hexagonal pixels spaced by 2 percentile. We 
calculated the median replication timing of all 160 kb genomic bins mapping to a given 
hexagon. These median values of replication percentiles were color-coded and plotted. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Genome-wide mapping of nuclear speckles using TSA-Seq. 
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Figure 2.1 (cont.) 
(a) Workflow schematic. (b) Anti-SON immunostaining provides higher speckle to 
nucleoplasmic ratio than common speckle markers such as SR protein ASF/SF2 as 
revealed by color heatmap display. Scale bar: 2μm. (c) No primary control (top) or 
anti-SON TSA staining with three different TSA conditions. Left: TSA Signal only. 
Right: TSA Signal (Red) merged with DAPI DNA Staining (green). Conditions 2 and 3 
show reduced spreading (and intensities) of TSA signal. Scale bar: 5μm. (d) SON 
TSA-Seq genomic plots for human chromosome 11 for no primary control (top) and the 
three TSA Conditions versus Lamin B1 DamID (bottom) for comparison. Red boxes 
highlight more gradual transitions between SON TSA peaks and valleys versus 
inter-LAD / LAD transitions. 
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Figure 2.2. SON TSA-Seq predicts actual cytological distances to speckles and 
Mbp-scale chromosome trajectories. 
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Figure 2.2 (cont.) 
(a) Color-coding and cut-off values for 10 SON TSA genomic deciles defined by SON 
TSA-Seq values (TSA condition 2). (b-c) Measuring distances of 8 genomic loci from 
nuclear speckles using 3D immuno-FISH: (b) Top panels- Location of BAC FISH probes 
(red bar) relative to 3 SON TSA-Seq features (peak- probe A, transition zone- probe E, 
valley- probe H). Bottom panels- FISH signals (red) versus SON immunostaining (green) 
with white lines outlining nuclear shape. Scale bar: 2μm. (c) Histograms (c) of probe 
distances to nearest nuclear speckle for 100 alleles. (d) Box plots for minimum speckle 
distance distribution for 8 probes, with color-coding indicating their SON TSA decile. 
(e-i) Converting the SON TSA-Seq signal to an estimated mean nuclear speckle distance: 
(e) BAC transgene array in CHO cell visualized by GFP-lac repressor binding to lac 
operator repeats (left panel, green; bottom right panel) with anti-GFP TSA reaction 
(Condition 1) revealed by streptavidin biotin staining (red). Scale bar: 2μm. (f) Line scan 
showing GFP (green) and TSA (red) intensities from diffraction limited GFP spot (red 
arrows) along yellow line in (e). (g) Exponential fit of lac repressor TSA intensity 
(Condition 1) versus distance from GFP spot. (h) Exponential fit of SON TSA-Seq 
enrichment (relative to mean, Condition 1) versus mean distance from speckle for 8 
genomic regions measured by FISH (d). (i) Estimated mean distance from nuclear 
speckles along chromosome 11 calculated using inverse of exponential fit of TSA signal 
(h) for each of the three TSA staining conditions. Lower speckle distance correlates with 
earlier DNA replication timing, as shown by Repli-Seq data (bottom track). (j) Histogram 
of absolute residual predicted distances genome-wide calculated for Conditions 1 versus 
2. (k-n). TSA-Seq prediction of three chromatin trajectories between nuclear periphery 
and speckle: Immuno-FISH against 4 Mbp (k, left, 5 FISH probes) or 3 Mbp (m, left, 4 
FISH probes) transition zones connecting SON TSA-Seq valleys and peaks reveals 
chromosome trajectories between nuclear periphery and speckle (k&m, right panels). 
Probe signals (red, yellow) merged with anti-SON immunostaining (green) plus 
DNA-staining (k, blue-DAPI) or anti-lamin immunostaining (m, blue). Scale bar: 1μm. 
(l) Cartoon showing TSA-Seq signal and chromosome trajectory for transition visualized 
in (k). (n) Three additional probes spanning 7 Mbp were added to region examined in (k) 
to visualize a 15 Mbp complete chromosome trajectory from nuclear periphery (valley) to 
speckle (peak) back to nuclear periphery. Colors are as in (k). Scale bar: 1μm. 
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Figure 2.3. Distribution of gene expression, active versus repressive chromatin 
marks, DNA replication timing, Hi-C subcompartments and chromosome 
transcription hot-spots as a function of speckle distance. 
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Figure 2.3 (cont.) 
(a-i) Spatial gradient in gene expression and active chromatin marks as a function of 
distance to nuclear speckles. (a) Gene expression increases progressively with SON TSA 
decile (x-axis). Box plot of gene expression (protein coding) in fpkm (y-axis) showing 
median (black line), mean (red diamond), 75% (box-top), whiskers equal to 1.5x box size 
, and outliers (black dots). (b-c) Progressive increase in gene density as function of 
speckle decile (b) is most pronounced for the most highly expressed (top 5%) genes (c). 
(d-i) Roughly binary division of genome based on speckle deciles for constitutive 
heterochromatin mark H3K9me3 (d), facultative heterochromatin mark H3K27me3 (e) 
and fraction of LADs (f) contrasts with linear gradient observed for active chromatin 
marks H3K4me3 (g, peak count), H3K9ac (h), and CTCF (I, peak count). (j) Hi-C active 
subcompartments A1 (left) and A2 (right) show near (A1) and intermediate (A2) speckle 
distance distributions which added together reconstitute a similar gradient as seen for 
active marks (g-i). (k-l) Progressive shifts of Hi-C compartments (left) and replication 
timing (right) relative to speckle decile, displayed according to their fractions in each 
decile (k) versus the relative fraction of each decile corresponding to a particular Hi-C 
subcompartment or replication timing stage (l). (m-o) Hi-C A1 versus A2 active 
subcompartments map to Mbp-scale chromosome regions that show similarly high 
density of transcription but near (A1) versus intermediate (A2) distances to nuclear 
speckles. (m) Scatterplots (160 kb bin size) and their projections (top, right) showing 
transcriptional activity (RNA-Seq and Pol2 or H3K36me3) or replication timing 
(Repli-Seq) metrics (y axis) versus SON TSA-Seq values (x axis) for A1 (yellow) versus 
A2 (purple) regions. Red circle shows bias of highest pol II values towards higher SON 
TSA-Seq values. (n) Visualization of Mbp-scale chromosome regions with elevated 
transcriptional activity (transcription “hot-spots”), defined by normalized RNA pol2 ChIP 
(1 Mb bins), RNA-Seq and Gro-Seq (20 kb bins), or H3K36me3 ChIP (20 kb bins), and 
their correlation with the Hi-C compartment eigenvector, and Repli-Seq DNA replication 
timing (UW ENCODE data) for 70 Mbp chromosome 2 region. (o) Histogram shows 
bimodal distribution of number of transcription hot-spots with a given relative distance to 
nuclear speckles, measured by SON TSA-Seq genome percentile, and Hi-C 
subcompartment identity. Normalized RNA pol2 ChIP-Seq (1 Mbp bins) peaks were 
matched to correlated TSA-Seq local maximums. Transcription hot-spots correspond 
predominately to Hi-C A1 or A2 subcompartments, with A1 hot-spots mapping closer 
than A2 hot-spots. 
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Figure 2.4. TSA-Seq reveals alignment of different chromatin states and functional 
activities along nuclear lamin – speckle “axis”, suggesting model for nuclear 
spatial-functional organization. 
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Figure 2.4 (cont.) 
(a) Inverse correlation between lamin and SON TSA-Seq. Top to bottom: K562 cell SON 
TSA-Seq, Lamin B TSA-Seq, Lamin A/C TSA-Seq, Lamin B1 DamID signals, Hi-C 
compartment eigenvector, SON TSA_Seq deciles, and Hi-C subcompartment assignment 
for 100 Mbp chromosome 7 region. (b-c) Boxplot (b) and histogram (c) distributions of 
genomic distance between SON TSA-Seq peaks and the nearest LAD / inter-LAD 
boundary shows larger genomic distances from the nuclear periphery for peaks assigned 
to A1 versus A2 Hi-C subcompartments. (d-e) Lamin B versus SON TSA-Seq 2D 
scatterplots showing relative distribution of top 5% expressed genes (blue) versus all 
protein-coding genes (grey) (d), and all expressed protein-coding genes (red) versus all 
non-expressed protein-coding genes (green) (e). Top 5% expressed genes are distributed 
even further from the nuclear periphery (lower lamin B TSA-Seq quantile) than all 
expressed genes, while top 5% expressed genes located furthest from the nuclear lamina 
(red box) show disproportionate skewing towards speckles (higher SON TSA-Seq 
quantile). (f-h) DNA replication timing correlates with relative position along lamin- 
speckle axis. (f-g) SON TSA-Seq 2D scatterplots (bin size 300 kb) showing distribution 
of earliest replicated DNA (purple) far from lamina and close to speckles (f) and 
distribution of the latest replicated DNA (green) close to lamina and far from speckles (g) 
versus all DNA regions (gray). (h) Distribution of average replication timing (DNA bin 
size 160 kb, color coded for different percentiles with red showing the earliest and blue 
the latest) in a 2D Lamin B- SON TSA quantile histogram. Red ellipse shows slight 
asymmetry in the skewing of early replicating regions disproportionally towards higher 
SON TSA versus lower lamin B TSA quantiles. (i) Lamin B versus SON TSA-Seq 
scatterplot (320 kb bin size) shows distribution of Hi-C subcompartments along 
lamin-speckle axis. The two active subcompartments A1 and A2 largely segregate by 
location along axis, with A1 further from the lamina and closer to speckles. (j) Previous 
models have suggested that genes show a stochastic repositioning closer towards the 
nuclear center after transcriptional activation (left). Refined model (right) suggests a 
more deterministic chromosome positioning: Transcriptionally active chromosome 
regions are depleted from heterochromatic compartments close to the nuclear and 
nucleolar periphery (dark blue). The apex of chromosome inter-LAD loops protruding 
into the nuclear interior from the periphery or nucleoli correspond to Mbp-scale 
chromosome transcription hot-spots which terminate either at the periphery (red) of 
nuclear speckles (grey) (A1 Hi-C active subcompartment) or at RNA pol2 enriched foci 
(orange dots) (A2 Hi-C active subcompartment). A second repressive compartment, 
enriched in H3K27me3 (green dots), are spread throughout the nuclear interior, dispersed 
between RNA pol2 foci and speckles. Large-scale chromatin fibers (gray curves) traverse 
between these compartments. 
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CHAPTER 3: HIGH-THROUGHPUT MAPPING OF CYTOLOGICAL 
DISTANCE BETWEEN GENOMIC LOCI AND NUCLEAR COMPARTMENT 
USING TSA-SEQ IN MAMMALIAN CELLS 
 
ABSTRACT 
The position of genomic regions in the nucleus may play an important role in regulating 
gene expression. Here we present TSA-Seq, the first genomic method that is able to 
measure cytological distances between genomic loci and a particular nuclear structure, 
such as a nuclear compartment, in a high-throughput fashion. TSA-Seq uses 
immunochemistry approach to deposit biotin tags on DNA, such that the intensity of the 
biotin tag on the DNA is proportional to its distance to the target compartment. This 
information can be used as an indicator for distance. Using TSA-Seq, a genome-wide 
map of relative proximity of genomic regions to the compartment of interest can be 
generated with high reproducibility and reliability. The entire experiment takes 16-19 
days, with additional ~2 weeks for growing the cells and ~2 weeks for preparing 
sequencing library, sequencing and data analysis. 
 
INTRODUCTION 
Development of the Protocol  
The three dimensional genome organization is one critical aspect of epigenetic regulation 
for gene expression and normal cellular function. Current technologies to study 
intranuclear gene position include microscopy-based approaches to directly visualize 
genes in 3D (such as FISH) and genomic approaches to study molecular contact of a gene 
with certain protein enriched in a particular nuclear structure (such as ChIP-Seq or 
DamID-Seq). Other genomic method such as Hi-C can study contacting frequency 
between any two genomic regions to infer their location. However, the microscopic based 
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approach is generally very low in throughput and not easy to scale up, while ChIP and 
DamID only study interaction but do not report distances. Moreover, the Hi-C methods 
involved complicated mathematical modeling and currently lack systematic validation 
from another independent approach. One major bottleneck is that it is very difficult to 
directly link what you see under microscope and the results generated by genomic 
approaches. 
 
To overcome these limitations, we developed a novel technique that can measure 
cytological distances between genomic loci and any nuclear structure, and translate that 
information into a genomic plot (Fig. 3.1). It is a “what-you-see-is-what-you-get” method 
that can tightly connect microscopic images with genomic data. We have successfully 
applied TSA-Seq to map genomic distances to nuclear speckles and nuclear lamina in 
human erythroleukemia K562 cells and human diploid embryonic lung fibroblasts Tig3 
cells, as well as mouse 3T3 cells. This protocol of TSA-Seq is written for both adherent 
and nonadherent mammalian cells. It has not yet been tested on tissues, invertebrate cell 
lines or yeast, but can in principle be adapted to these systems as well.  
 
Principle of TSA-Seq 
TSA-Seq is developed based on the widely used signal amplification technique for 
immunochemistry called “TSA” (Tyramide Signal Amplification). The rationale of 
TSA-Seq is to combine antibody staining with the TSA technique to generate a diffusible 
label centered from a specific target. Using the TSA technique, HRP, coupled to the 
antibody that specifically recognizes the target, catalyzes the formation of 
tyramide-biotin free radicals, which diffuse short distances prior to covalent labeling of 
neighboring macromolecules. The degree of labeling will be a function of distance from a 
given protein target after normalization for differences in accessibility / reactivity. So by 
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antibody staining of a specific protein concentrated in a particular compartment, this 
method can target HRP to this protein and specifically label nucleic acids present near 
this compartment, and provide information on distances of the nucleic acid sequences to 
the compartment, based on the degree of enrichment of the labeling signal. The workflow 
involves TSA labeling to generate biotin tags whose concentration is proportional to 
distance from labeling target, followed by DNA extraction, sonication and affinity 
purification of biotinylated DNA (Fig. 3.2). Successful/specific TSA labeling can be 
checked by microscopy after labeling and by dot blot against biotin after sonication. 
 
Applications of TSA-Seq 
TSA-Seq studies genome organization relative to any particular nuclear compartments, as 
long as there is a marker protein that is enriched in this compartment, and there is an 
antibody available to specifically recognize this protein. TSA-Seq can be used in a wide 
range of applications, especially where the existing methods have limitations. First, since 
TSA-Seq involves just a simple immunostaining procedure, which does not require any 
genetic manipulation such as transfection of expression vectors, it can be potentially 
widely applied to tissues and fixed samples, where DamID cannot be used. Second, since 
TSA-Seq captures nuclear organization in a snapshot, it can be applied to experiments 
that require high temporal resolution, such as studying rapid changes in genome 
organization upon stimuli, for example, serum addition or heatshock. Third, since TSA 
labeling is diffusible and can reach a distance of microns from the target, it can be used to 
study DNA near a particular protein target but not necessarily touching the target, where 
ChIP and DamID is not feasible. Fourth, TSA-Seq only involves DNA purification, so it 
can be used in applications where the target protein is insoluble, which is a major 
problem for ChIP, and where antibody does not meet high ChIP standard. Fifth, TSA-Seq 
can also be used when large dynamic range or distinction of quantitative difference is 
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needed, since the TSA-Seq map provides quantitative distance readout with 32-64-fold 
dynamic range.  
 
Comparison with ChIP-Seq/DamID 
TSA-Seq and ChIP-Seq/DamID are fundamentally different, although they can all 
identify genomic regions associated with a particular target. ChIP-Seq and DamID 
identifies molecular interaction between DNA and proteins, so the signals come from the 
proteins that bind to DNA, which may only be a subset of the total nuclear pool, so the 
genomic data does not necessarily reflect the true distribution of this protein. The 
resolution for ChIP and DamID are both around 1kb (van Steensel and Henikoff, 2000; 
Sun et al., 2003; Buck and Lieb, 2004; Boyer et al., 2005). However, TSA-Seq measures 
cytological distances, and the resulting signal is proportional to the distribution of all 
target proteins in the nucleus. As a result, the labeling is reflective of and dominated by 
the nuclear structure where the target protein is mostly concentrated in. The resolution of 
TSA-Seq is around tens to hundreds kb, much larger compared to ChIP-Seq and DamID.  
 
Limitations 
At this stage, performing TSA-Seq still need large amount of cells. For nuclear speckles, 
usually ~300 Million cells are needed per experimental condition. For large compartment 
such as nuclear lamina, ~150 Million cells are needed. For small target, even more cells 
might be needed. As a result, one limitation of this technique is that currently it can only 
be applied to cells that are easy to grow, such as transformed cell lines. However, we 
would expect it be extended to tissues and primary cell lines in the future. Another 
limitation, or rather, the feature of this technique, is the microscopic resolution. As a 
result, this technique cannot meet the needs if high resolution is desired.  
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Experimental Design 
Choice of the protein target. To study genome organization with TSA-Seq, the choice 
of protein target is crucial. Ideally, this protein should be enriched at the compartment of 
your interest. In other words, the signal to background ratio should be high, so that the 
signal is dominated by the distribution of the compartment rather than the nuclear 
background caused by the diffused portion of the proteins.  
 
Choice of TSA conditions. Depending on the desired resolution, different TSA 
conditions may be used. Condition 1 generates the labeling with largest spreading radius, 
so it has lowest resolution but largest detection distance. Condition 3 generates the 
labeling with smallest radius; as a result, it provides higher resolution near the target, but 
don’t have enough detection powder further away. Generally, condition 2 has a good 
balance between resolution and detection limit, and is suitable for most of the purposes.  
 
Relevant controls. Generally, a no primary control is needed to control for nonspecific 
secondary antibody binding. Since this experiment condition generates a diffused 
labeling over the nucleus, it can also be used as a control for accessibility of free radicals 
to different chromatin regions. In addition to no primary control, a free HRP control may 
be performed for chromatin accessibility, in which instead of staining cells with primary 
and secondary antibody before TSA reaction, a solution of free HRP enzyme and TSA 
reaction substrate are used during TSA reaction to generate a near uniform concentration 
of tyramide free radical throughout the cell interior. Input control is needed for each 
DNA pull-down to control for DNA copy number variations, not only due to aneuploidy 
but also due to technical biases during DNA isolation or library construction between 
batches. To control for background level, spick in control is highly recommended, where 
a small amount of known biotinylated DNA sequence is artificially added at a certain 
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ratio to the total amount of input before purification in all samples as an internal control 
across all experimental conditions.  
 
MATERIALS 
Reagents 
 Nuclease-free H2O (Corning, cat. no.46000CM, brand not critical) 
 10x CMF-PBS (Lonza, cat. no. 17517Q, brand not critical) 
 Triton X-100 (Sigma, cat. no.T9284) 
 0.1% PBST: 0.1% (v/v) Triton X-100 in CMF-PBS 
 0.5% PBST: 0.5% (v/v) Triton X-100 in CMF-PBS 
 Paraformaldehyde (Sigma-Aldrich, cat. no. P6148) 
!Caution: Paraformaldehyde is a carinogen; avoid inhalation and contact with skin or 
eyes. 
 Hydrogen Peroxide, 30% (Fisher, cat. no. H325-500) 
!Caution: Hydrogen Peroxide is a strong oxidizer, wear protective clothing and 
gloves when handling. Avoid contact with skin or eyes. 
 Normal Goat Serum (NGS) (Sigma-Aldrich, cat. no. G9023) 
 Primary Antibodies (varies depending on the purpose of the experiment) 
 Secondary Antibodies (varies depending on the purpose of the experiment, usually 
from goat) 
 D-Sucrose (Fisher, cat. no. BP220-1) 
 DTT (Calbiochem, cat. no. 233156) 
!Caution: DTT is irritating to eyes and skin, wear protective clothing and gloves. 
 Streptavidin-Alexa Fluor® 594 (Molecular Probes, cat. no. S-32356) 
 DAPI (Sigma-Aldrich, cat. no. D9542-5MG) 
 Mowiol 4–88 (Calbiochem, cat. no. 475904) 
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 DABCO (Sigma-Aldrich, cat. no. D27802-100G) 
 Tris Base (Fisher, cat. no. BP152-500) 
 EDTA (Fisher, cat. no. BP120-1) 
 SDS (Bio-Rad, cat. no. 1610302) 
!Caution: SDS is toxic when inhaled. Wear mask, proper clothing and gloves when 
handling.  
 20 mg/ml Proteinase K (New England Biolabs, cat. no. P8107S) 
 NaCl (Fisher, cat. no. S271-3) 
 Phenol/Chloroform/Isoamyl alcohol 25:24:1 (Fisher, BP1752-400, brand not critical) 
 Chloroform (Sigma, cat. no. 366919-1L, brand not critical) 
!Caution: Phenol and Chloroform are both toxic. Wear proper protection clothing and 
gloves when handling, avoid inhalation and contact with skin or eyes. Dispose 
according to institutional regulations. 
 Isoamyl alcohol (Sigma, cat. no. 320021-500ML, brand not critical) 
 RNase A solution 100 mg/ml (Qiagen, cat. no. 1007885) 
 Sodium acetate (Fisher, cat. no. S209-500) 
 Acetic acid, glacial (Fisher, cat. no. A38C-212) 
!Caution: Toxic and corrosive. Wear protective clothing and gloves. Avoid inhalation 
and eye or skin contact.  
 Ethanol, 200 proof (100%) (Decon Laboratories, cat. no. 2716) 
!Caution: Flammable.  
 Agarose (KSE Scientific, cat. no.BMK-A1705, brand not critical) 
 Ethidium Bromide (Brand not critical) 
!Caution: Mutagen. Wear proper protection clothing and gloves when handling. 
Avoid inhalation and contact with skin or eyes. Dispose according to institutional 
regulations. 
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 KCl (VWR, cat. no. BDH0258-500G) 
 Tween 20 (Sigma, cat. no. P1379) 
 SurperBlock (TBS) Blocking Buffer (Thermo Scientific, cat. no. 37535) 
 Streptavidin-HRP (Invitrogen, cat. no. 434323) 
 10x TBS (see reagent setup) 
 0.05% TBST: 0.05% (v/v) Tween in 1xTBS 
 SuperSignalTM West Femto Maximum Sensitivity Substrate (Thermo Scientific, cat. 
no. 34096) 
 Dynabeads® M-270 Streptavidin (Invitrogen, cat. no. 65305) 
 Biotin (Sigma, cat. no. B4501-100MG) 
 20 mg/ml Glycogen (Roche, cat. no. 10901393001) 
 
Equipment 
 Cell counter (brand not critical) 
 Heat block (brand not critical) 
 Vortex (brand not critical) 
 Rotator (brand not critical) 
 Shaker (brand not critical) 
 Fluorescence microscope such as DeltaVision Microscope (GE Healthcare) 
 Hybridization incubator (brand not critical) 
 Centrifuge (brand not critical) 
 Spectrophotometry such as a Nanodrop 2000c (Thermo Scientific) 
 Sonication machine such as a Bioruptor Pico (Diagenode) 
 Gel electrophoresis equipment (brand not critical) 
 Nitrocellulose membrane (Bio-Rad, cat. no. 162-0115) 
 UV crosslinker such as a UV Stratalinker 1800 (Stratagene) 
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 CL-XPosure Film (Thermo Scientific, cat. no. 34091) 
 Autoradiography cassette (FisherBiotech, cat. no. FBXC 810, brand not critical) 
 Film developer (brand not critical) 
 DNA LoBind tubes (Eppendorf, cat. no. 0030 108.051) 
 Kapa Hyper Prep Kit (Kapa Biosystems) 
 HiSeq2500 (Illumina) 
 
Reagent Setup 
8% Paraformaldehyde (PFA) solution  
 For 100 ml of 8% PFA solution, weigh 8 g of PFA powder into a conical tube, add 70 
ml of CMF-PBS, heat to 60 °C, add drops of 1 M NaOH until solution become clear, 
cool to room temperature and adjust pH to 7.4, bring the volume up to 100 ml with 
CMF-PBS.  
1.6 % PFA solution  
 Dilute 8% PFA 1:5 in PBS buffer. 
10x Glycine stock  
 Prepare a 1.25 M glycine stock solution in ddH2O. Store at 4 °C. Remake after 6 
months. 
0.125 M Glycine  
 For 100 ml solution, add 10 ml of 10x Glycine stock, 10 ml of 10 x CMF-PBS, and 
80 ml of ddH2O, mix well.  
1.5% H2O2  
 Dilute 30% H2O2 stock solution 1:20 in CMF-PBS.  
IgG blocking buffer (IgGB) 
 Prepare 5% (v/v) Normal Goat Serum in 0.1% PBST. 
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Antibody solution 
 Dissolve antibody at an appropriate dilution in IgGB. 
Tyramide-Biotin 
 Tyramide-Biotin can be either purchased or self-made using tyramine hydrochloride 
(Sigma, cat. no. T2879-1G), EZ-link Sulfo-NHS-LC-Biotin (Pierce, cat. no. 21335), 
Triethylamine, ionate grade (Pierce, cat. no. 53101), N, N-Dimethylformamide 
(Sigma, cat. no. 227056-100ml) and an established protocol (Davidson). 
TSA reaction buffer A 
 First make fresh 50 mM DTT in CMF-PBS. For TSA Condition 1, just use CMF-PBS; 
for TSA Condition 2, prepare 50% (w/v) sucrose solution in 1x CMF-PBS; for TSA 
Condition 3, prepare 50% (w/v) sucrose and 1.5 mM DTT in 1x CMF-PBS. 
TSA reaction buffer B 
 For TSA Condition 1: dilute 8 mM tyramide-biotin stock solution 1:5000 and 30% 
H2O2 1:10000 (to final 0.003%) in CMF-PBS; for Condition 2 and 3, dilute 8 mM 
tyramide-biotin stock solution 1:5000 and 30% H2O2 1:10000 (to final 0.003%) in 
50% sucrose solution in 1x CMF-PBS.  
Streptavidin-Alexa Fluor® 594 working solution 
 Dilute Streptavidin-Alexa Fluor® 594 1:200 in CMF-PBS, mix.  
DAPI containing mounting media 
 0.3 µg/ml DAPI, 10% (w/v) Mowiol 4–88, 1% (w/v) DABCO, 25% glycerol, 0.1 M 
Tris in ddH2O, pH 8.5. 
High TE buffer 
 Prepare 10 mM Tris, 10 mM EDTA in ddH2O, adjust pH to 8.0, sterilize by filtering 
or autoclaving. 
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20% SDS 
 Prepare a 20% (w/v) SDS stock solution in ddH2O, sterilize by filtering or 
autoclaving.  
TE buffer 
 Prepare 10 mM Tris, 1 mM EDTA in ddH2O, adjust pH to 8.0, sterilize by filtering or 
autoclaving. 
4 M NaCl 
 Dissolve 233.76 g NaCl in 700 ml dd H2O, bring total volume up to 1 L, autoclave. 
Chloroform/Isoamyl alcohol (24:1)  
 Take 24 part of Chloroform and 1 part of isoamyl alcohol, mix well. 
70% EtOH  
 Mix 7 part of absolute alcohol and 3 part of ddH2O, prechill at -20 °C. 
3 M NaAc solution 
 Prepare 3 M NaAc in ddH2O, adjust pH to 5.2 with HAc, sterilize by filtering or 
autoclaving.  
Biotinylated PCR fragment 
 Biotinlyated PCR fragment is generated by PCR using a 5’ biotinylated forward 
primer and a regular reverse primer and a template. The product size is 500 bp. Each 
DNA molecule contains only 1 biotin. 
10x TBS 
 Dissolve 88 g NaCl, 2 g KCl, and 30 g Tris Base in 800 ml ddH2O, adjust pH to 7.4, 
bring volume up to 1 L.  
Blocking buffer for DNA dot blot 
 Add 0.05% (v/v) Tween into the SurperBlock (TBS) Blocking buffer, mix well to 
dissolve. 
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2x Wash and Binding buffer (2x W&B buffer) 
 10 mM Tris-Cl (pH 7.5), 1 mM EDTA, 2 M NaCl in ddH2O, sterilize by filtering or 
autoclaving. 
TSE500 
 20 mM Tris (pH 8.0), 1% Triton, 0.1% SDS, 2 mM EDTA, 500 mM NaCl, sterilize 
by filtering or autoclaving. 
2 mM Biotin solution  
 2 mM biotin is approximately 0.5 mg/ml, so prepare 0.5 mg/ml biotin in ddH2O, boil 
to dissolve completely.  
TE buffer  
 10 mM Tris-Cl, 1 mM EDTA in ddH2O, adjust pH to 8.0, sterilize by filtering or 
autoclaving. 
 
PROCEDURE 
In vivo TSA Labeling (●TIMING 4 d) 
1. Count cell density to estimate total cell number for the experiment. Usually ~300 
Million cells are needed for each TSA-Seq experimental condition.  
 
2. Fix the Cells as follows:  
 
For nonadherent cells, take 50 ml conical tubes, pour 40 ml cell culture into each tube, 
and then quickly add freshly prepared 8% PFA solution 10 ml, quickly mix and shake 
gently at room temperature (RT, 25 °C) for 20 min to fix the cells.  
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For adherent cells, remove cell media, rinse briefly with CMF-PBS, and directly add 
1.6 % PFA solution enough to cover the bottom of tissue culture plates or flasks, 
shake gently at RT for 20 min. 
 
3. To quench the FA:  
 
For nonadherent cells, add to each conical tube 5.6 ml of 1.25 M Glycine (10x), 
quickly mix and shake gently at RT for 5 min. 
 
For adherent cells, remove add 0.125 M Glycine, quickly mix and shake gently at RT 
for 5 min. 
 
4. To permeabilize the cells:  
 
For nonadherent cells, spin cells down with 100-200g for 10 min at RT, discard 
supernatant. Add 5 ml of 0.5% PBST to each tube, resuspend cells well by aspirating 
and then combining cells from 4-5 tubes into 1 tube. Wash the emptied tubes (which 
contain some left-over cells) with 5 ml of 0.5% PBST and also collect the washes, 
shake gently at RT for 30 min.  
 
▲CRITICAL STEP: During all the spinning steps for nonadherent cells in this whole 
protocol, the spinning speed should not exceed 300g, otherwise the cells will 
collapse.  
 
For nonadherent cells, remove solution and add 10 ml 0.5% PBST, shake gently at 
RT for 30 min. 
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5. Quench endogenous HRP:  
 
For nonadherent cells, spin cells down for 5 min at RT, gently pour out the 
supernatant, be careful do not to pour out the pellet. Add 5 ml freshly prepared 1.5% 
H2O2 solution to each tube, resuspend the cells well by aspirating. Add H2O2 solution 
to final 25 ml in each tube, shake gently at RT for 1 h.  
 
▲CRITICAL STEP: At this point there might be a lot of bubbles, leave half the tube 
empty to make room for the bubbles, be careful not to let the bubbles overflow, uncap 
the tube frequently to release the pressure. Do not wash with PBS after 
permeabilization because triton in the permeabilization butter helps preventing cells 
from aggregation and floating. Shake 1 h instead of 20 min because it needs 1 h to 
stop bubbling. The bubbling will loosen the pellet and also make cells float, so cells 
will not be able to fully spin down before it stops bubbling. 
 
For nonadherent cells, remove solution and add 10 ml freshly prepared 1.5% H2O2 
solution, shake gently at RT for 20 min. 
 
■PAUSE POINT: If needed, cells can be kept in PBS buffer for overnight at 4 °C. 
 
6. Wash:  
 
For nonadherent cells, spin cells for 5 min at RT, discard supernatant, resuspend cells 
well in a small volume of 0.1% PBST by brief vortexing, avoid bubbles. Then add 
0.1% PBST to the full volume of the tube, shake at RT for 3 min. Repeat 2 times for a 
total 3 washes.  
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For adherent cells, remove solution and add a generous amount of 0.1% PBST to 
cover the surface, shake gently at RT for 5 min. Repeat wash for a total of3 times. 
 
7. Block with IgGB:  
 
For nonadherent cells, spin cells for 5 min at RT, discard supernatant. Resuspend 
cells well in a small volume of IgGB by brief vortexing, avoid making bubbles. 
Combine cells from all tubes together, add IgGB to 1 ml per 10 Million cells, shake 
gently at RT for 1 h.  
 
For adherent cells, remove the last wash and add IgGB to 1 ml per 10 Million cells or 
enough to cover the surface, whichever is larger, shake gently at RT for 1 h. 
 
▲CRITICAL STEP: Here the IgGB is made from 5% normal goat serum in 0.1% 
PBST, mainly because the secondary antibody is from goat. To minimize background, 
use serum from the same host species as where the secondary antibody is generated. 
Otherwise 5% BSA can be used instead, but is not ideal.  
 
■PAUSE POINT: Cells can be kept in IgGB for overnight at 4 °C. 
 
8. Primary antibody incubation:  
 
For nonadherent cells, split cell suspension evenly for different experimental 
conditions. Spin and resuspend cells well in a small volume of antibody solution (the 
No1
o
 control don’t contain antibody but just IgGB) by brief vortexing, avoid making 
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bubbles. Then add the rest of solution to 1 ml per 10 Million cells, shake gently 
overnight (20-24 h) at 4 °C. 
 
For adherent cells, remove IgGB and add primary antibody solution (the No1
o
 control 
don’t contain antibody but just IgGB) to 1 ml per 10 Million cells or enough to cover 
the surface, whichever is larger, shake gently overnight (20-24 h) at 4 °C. 
 
9. Wash:  
 
Same as step 6.  
 
10. Secondary antibody incubation:  
 
For nonadherent cells, spin cells after the third wash for 5 min at RT, discard 
supernatant, resuspend cells well in a small volume of antibody solution by brief 
vortexing, avoid making bubbles. Then add the rest of antibody solution to 1 ml per 
10 Million cells, shake gently overnight (20-24 h) at 4 °C. 
 
For adherent cells, remove the last wash and add secondary antibody solution to 1 ml 
per 10 Million cells or enough to cover the surface, whichever is larger, shake gently 
overnight (20-24 h) at 4 °C. 
 
11. Wash: 
 
Same as step 6. 
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12. TSA reaction:  
 
For nonadherent cells, spin cells after the third wash for 5 min at RT, discard 
supernatant. In each tube, first resuspend cells in TSA reaction buffer A to 1 ml per 
20 Million cells, then add equal volume of TSA reaction buffer B, mix well. Shake 
the tubes gently at RT for 10 min. 
 
For adherent cells, remove the last wash and add TSA reaction buffer A to 1 ml per 
20 Million cells or enough to cover the surface, whichever is larger. Then add equal 
volume of TSA reaction buffer B, mix well. Shake gently at RT for 10 min. 
 
▲CRITICAL STEP: When HRP control is performed, steps 8-10 is omitted, and in 
step 12, make 1 mg/ml HRP in PBS, add biotin 1:100 to the solution, mix with cells. 
And then add 1:20000 30% H2O2, mix well, react for 0.5 h. Then heat inactivate the 
enzyme at 75 °C for 10 min. 
 
13. Wash:  
 
For nonadherent cells, spin cells with for 5min at RT, discard supernatant and 
resuspend cells well in a small volume of 0.1 % PBST by brief vortexing, avoid 
bubbles. Then add 0.1 % PBST to the full volume of the tube, shake at RT for 5 min. 
Repeat 2 times for a total 3 washes with 0.1 % PBST. 
 
▲CRITICAL STEP: During the first wash, for condition 2 and 3, since the buffer 
contains 50% sucrose, a higher speed is needed to pellet the cells.  
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For adherent cells, remove solution and add a generous amount of 0.1% PBST to 
cover the surface, shake gently at RT for 5 min. Repeat wash for a total of 3 times. 
 
■PAUSE POINT: If needed, cells can be kept in PBS buffer for overnight at 4 °C. 
 
14. Prepare an aliquot of cells for microscopy and store the rest of cells for DNA 
isolation:  
 
For nonadherent cells, spin cells for 5 min at RT, discard supernatant, add a small 
volume of CMF-PBS and resuspend cells by brief vortexing, then add CMF-PBS to 
full volume of the tube. To prepare coverslips for checking biotinylation by 
microscopy, take out 3 µl of cell suspension from each sample and drop on a 
coverslip, move on to step 15 for immunostaining. For the rest of the cells, spin all 
tubes at for 5 min at RT, discard supernatant, move on to step 17 for DNA isolation.  
 
For adherent cells, rinse cells with CMF-PBS, scrap some cells from each flask/dish 
onto glass slides using pipette tip or cell scraper, move on to step 15 for 
immunostaining. For the rest of the cells in the flask/dish, move on to step 17 for cell 
lysis.  
 
■PAUSE POINT: Coverslips can be kept for days at RT. Cell pellet can be stored at 
-80 °C for months. 
 
Validation of TSA Labeling by Immunostaining (●TIMING 2 d) 
15. Take the coverslips prepared in step 14, fix cells with 1.6% PFA at RT for 15 min, 
then wash with 0.1% PBST 3 x 5 min. Stain each coverslips by incubating with 50 µl 
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Streptavidin-Alexa Fluor® 594 working solution at RT for 0.5 h. Wash coverslips 3 x 
5min with 0.1% PBST, mount coverslips with DAPI containing mounting media on 
glass slides. Let them solidify overnight. 
 
■PAUSE POINT: Slides can be stored at RT for days. For prolonged storage, keep 
at -20 °C. 
 
16. Check labeling by fluorescent microscopy that has filter set for DAPI and TRITC. 
 
Isolate Genomic DNA from Labeled Cells (●TIMING 4 d) 
17. For cell pellet, first add High TE buffer to the tubes that contain the cell pellet at 1 ml 
per 10 Million cells, mix well to resuspend the pellet. Then add 20% SDS to final 
0.5%, mix well. Then add 20 mg/ml proteinase K to final 200 µg/ml, mix well by 
gently inverting the tubes. Incubate the tubes at 55 °C with rotation overnight (8-12 
h).  
 
For adherent cells, add High TE buffer containing 0.5% SDS to the flask/dish at 1 ml 
per 10 Million cells, mix well. Then add 20 mg/ml proteinase K to final 200 µg/ml, 
mix well. Seal the flask/dish and incubate at 55 °C for several hours, collect cell 
lysate into conical tubes, incubate the tubes at 55 °C with rotation overnight (8-12 h). 
 
▲CRITICAL STEP: When trying to resuspend cells in high TE buffer, do not pipette 
because the pellet tends to stick to the wall of the pipette tip. Try vortexing and 
shaking the tubes. SDS will not lyse the cell until the proteinase K is added, so it is  
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OK if there are still lots of clumps before adding proteinase K. Do not shake after 
addition of proteinase K.  
 
■PAUSE POINT: Cell lysate can be stored at -80 °C for months. 
 
18. Add to each tube 4 M NaCl to final 0.2 M, incubate at 65 °C with rotation overnight 
(20-24 h). 
 
▲CRITICAL STEP: This step need to be >20 h to fully reverse the formaldehyde 
crosslinking. 
 
19. Take Phenol/Chloroform/Isoamyl alcohol (25:24:1). Add equal volume of P.C.I to the 
sample tube. Do this for all the sample tubes. Vortex or shake vigorously for 20 
seconds to mix very well the two phases. Centrifuge at room temperature for 10-15 
min at top speed. After spin, carefully remove the upper aqueous phase, and transfer 
to a new tube. Be sure not to carry over liquid from organic phase during pipetting. 
Do this for all the sample tubes.  
 
▲CRITICAL STEP: Sometimes proteins will float in the aqueous-organic interface. 
Be careful not to carry over.  
 
20. Repeat step 19.  
 
▲CRITICAL STEP: If a lot of proteins are still seen in the interphase, repeat 
extraction with P.C.I for a third time.  
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21. Add equal volume of Chloroform/Isoamyl alcohol (24:1) to the sample tube. Do this 
for all the sample tubes. Vortex or shake vigorously for 20 seconds to mix very well 
the two phases. Centrifuge at room temperature for 10-15 min at top speed. After spin, 
carefully remove the upper aqueous phase, and transfer to a new tube. Be sure not to 
carry over liquid from organic phase during pipetting. Do this for all the sample 
tubes.  
 
22. Incubate all tubes at 55 °C for 1 h with cap off to evaporate phenol residues. 
 
23. Cool all sample to RT. Add RNase A to final concentration of 25 µg/ml, mix by 
inverting gently, do not shake. Incubate at 37 °C for 1 h, with rotation. 
 
■PAUSE POINT: If needed, RNase A digestion can be extended to overnight, with 
rotation.  
 
24. Repeat steps 19-22.  
 
25. Precipitate DNA by adding 1/10 Volume of 3 M NaAc (pH 5.2), and 2 Volume of 
100% EtOH, mix well, keep in -20 °C for 20 min-2 h. 
 
▲CRITICAL STEP: Keep in -20 °C for at least 20 min. But do not go overnight, 
otherwise salt will also precipitate.  
 
26. Spin all samples at top speed for 15 min at 4 °C. Discard supernatant by carefully 
pipetting, do not disrupt the pellet. Rinse the pellet very gently with 1 Volume of the 
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chilled 70% EtOH, spin at top speed for 5 min at 4 °C. Remove EtOH by carefully 
pipetting. Air dry the pellet briefly. 
 
▲CRITICAL STEP: Do not over dry the pellet, otherwise DNA will not be able to 
go into solution.  
 
27. Dissolve DNA in ddH2O to ~1 μg/μl. 
 
▲CRITICAL STEP: Keep overnight at 4 °C to fully dissolve DNA.  
 
■PAUSE POINT: DNA can be stored at -20 °C indefinitely. 
 
28. Measure DNA concentration by spectrophotometry.  
 
DNA Fragmentation (●TIMING 1-2 d) 
29. Aliqote DNA solution to 1.5 ml epp tubes, 100-150 μl for each tube. Set all tubes on 
ice.  
 
30. Use Bioruptor Pico, sonicate with 30 seconds on and 30 seconds off for 8 cycles.  
 
31. Spin briefly to collect all solution to the bottom, take 1 μl (~1 μg) from each tube to 
run DNA gel to check size. Sonicate to 200-800 bp with majority of the fragments 
around 500 bp. Pool the same sample back together into one tube, mix.  
 
▲CRITICAL STEP: Sonication efficiency various from tube to tube, as a result, the 
total number of cycles will be different for different tubes. Closely monitor the size 
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by running DNA gel frequently for all tubes to make sure DNA in each tube was 
sonicated to the desired size. Also do not sonicate too much. Keep all tubes on ice 
during the whole procedure.  
 
32. Measure DNA concentration by spectrophotometry. Store DNA at -20 °C.  
 
▲CRITICAL STEP: Avoid repeated freeze thaw cycles.  
 
■PAUSE POINT: Sonicated DNA fragments can be stored at -20 °C for at least a 
year. 
 
Monitor Biotin Labeling of DNA by Dot Blot (●TIMING 2 d) 
33. Dilute biotinylated PCR fragement in 1:5 serial dilution, starting from 40 ng/μl for a 
total of 7 different concentrations, as standards for dot blot.  
 
▲CRITICAL STEP: Make sure the percentage of biotinylation is a fixed number for 
the standard so that the estimation of percentage biotinlyation for the samples can be 
more accurate.  
 
34. Cut of a piece of Nitrocellulose membrane, size depending on the number of samples, 
mark the desired number of grids, dot 1 µl of each Standards and 1 µl (~ 1 µg) of 
each sample onto the center of each small grids, wait until dry. 
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35. Cross DNA onto membrane using Stratagene UV crosslinker, use autocrosslinking 
setting, 2 times.  
 
■PAUSE POINT: Membrane can be stored at RT for up to months. 
 
36. Fold a container slightly bigger than the membrane using parafilm, put in the 
membrane, add 10 ml of blocking buffer, block at RT with gentle shaking, for 1 h.  
 
■PAUSE POINT: If needed, this step can be extended to overnight blocking.  
 
37. Add 4 µl Streptavidin-HRP into 10 ml blocking buffer (1:2500 dilution), mix well but 
avoid making bubbles or vortexing. Fold a new container using parafilm, put in the 
membrane and add the Streptavidin-HRP working solution, incubate overnight at 
4 °C with gentle shaking. 
 
▲CRITICAL STEP: The exact dilution of Streptavidin-HRP may need to be 
optimized beforehand. 
 
38. Wash membrane 4 times, in a container with TBST with constant shaking, 5 min each 
time (or 10 min x 3 times). During the last wash, prepare plastic wraps, and mix 
Supersignal West Femto Solution A and B 1:1.  
 
39. Take out membrane, drain excessive buffer, put membrane in the clean plastic wrap, 
and add the mixed chemiluminescent substrate on top of the membrane so that the 
solution covers the whole membrane. Incubate for 3 min. 
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40. Take out membrane, drain excessive solution, put the damp membrane on a new 
plastic wrap, fold wrap to cover the membrane. Put the membrane in the 
autoradiography cassette, quickly go into the dark room. 
 
▲CRITICAL STEP: Chemiluminescent signal fades quickly so minimize the time 
between incubation and film exposure.  
  
41. Expose x-ray film by putting film in the cassette, covering the membrane and close 
the cassette, exposure time depending on the signal intensity. Develop film in 
developer. 
 
▲CRITICAL STEP: Different exposure time may be tried to obtain the best result.  
 
■PAUSE POINT: Film can be exposed for overnight.  
 
42. Base on the relative signal intensity to the standards, and the concentration of the 
sample, calculate the percentage of biotinylation for the samples. Discard batches that 
are not efficiently labeled. For the batches that have passed quality control from both 
microscopy and dot blot, pool the same experimental condition together and move on 
to purification.  
 
Purification of Biotinylated DNA (●TIMING 3-5 d) 
43. Calculate how much Invitrogen M270 Streptavidin Dynabeads to use based on the dot 
blot result and beads capacity. Set aside about 10 µl of each sample as input for 
sequencing, then mix the rest of the DNA with equal volume of 2x W&B buffer, mix 
well. Set aside about 10 µl for dot blot. 
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▲CRITICAL STEP: Spike-in control is highly recommended. The same standard for 
dot blot is diluted to a concentration that have similar biotin signal to the sample, as 
indicated from dot blot. Then for each 10000 part of the sample, use 1 part of the 
diluted standard as spike-in. Also, for step 43-46, use DNA LoBind eppendorf tubes 
to minimize DNA/beads sticking to the tube wall, and if possible, use filter tips to 
avoid cross-contamination between samples. 
 
44. Take the desired amount of beads, usually 300 µl beads per sample. Wash beads with 
1x W&B Buffer, for 3 times. 
 
45. Bind DNA to beads: take the sample that is already in 1x W&B Buffer and mix with 
the washed beads, rotate at RT for 0.5 h. Collect sample after binding for dot blot, to 
check for binding efficiency. 
 
▲CRITICAL STEP: the final volume for binding needs to be 4 times of the original 
beads volume. If the sample volume is large, just bind to the same beads in multiple 
batches, each for 0.5 h with rotation at RT, the last one after binding at RT for 0.5 h, 
move to 4 °C and rotate overnight).  
 
46. Wash beads: wash beads 4 times with 1x W&B Buffer, 4 times with TSE500, 4 times 
with 1x W&B Buffer, and then 4 times with High TE buffer.  
 
▲CRITICAL STEP: During the 4 washes with TSE 500, change eppendorf tubes to 
get rid of the DNA that is non-specifically bound to the tube wall to improve 
specificity. During the other washes, do not change tubes after each wash, since the 
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other wash buffer does not contain detergent, changing tube will result in loss of 
beads due to stickiness of beads to the tube wall. 
 
47. Digest Beads: Resuspend beads in High TE buffer, 600 µl per 100 µl beads (100 µl of 
the original beads volume), add 20% SDS to final 0.5%, 20 mg/ml proteinase K to 
final 1 mg/ml, and 30 µl of 2 mmol/L free biotin per 100 µl of beads, mix well, rotate 
at 55 °C overnight to digest streptavidin and release DNA from the beads.  
 
▲CRITICAL STEP: Addition of excessive free biotin is critical to bock unbound 
streptavidin sites to prevent DNA from rebinding to beads. Generally, digestion time 
needs to be longer than 12 hours. 
 
48. Add to each tube 4 M NaCl to final 0.2 M. 
 
49. Extract DNA the same way as in steps 19-24.  
 
▲CRITICAL STEP: Sometimes beads will float in the aqueous-organic interface. 
Rather leave some aqueous phase in the old tube than carry over the beads 
 
50. Precipitate DNA: Transfer sample to additional 1.5 ml tubes if needed so that each 
tube has 440 µl sample in it, add 1/10 V (44 µl) of 3M NaAc (pH 5.2), and 1.1 µl of 
20 mg/ml glycogen to final 0.05 mg/ml , mix well, then add 2 Volume (968 µl) of 
100% EtOH (calculate volume after salt addition), mix well, keep in -20°C overnight.  
 
▲CRITICAL STEP: NaAc is needed because the DNA concentration is extremely 
low. Precipitate overnight to achieve maximum recovery. 
79 
51. Spin all tubes at top speed for 30 min at 4°C. Discard supernatant by carefully 
pipetting, do not disturb the pellet. Rinse the pellet very gently with 1 ml of the 
chilled 70% EtOH. Air dry the pellet for 10 min by sitting at RT with cap open.  
 
▲CRITICAL STEP: do not leave the pellet in 70% EtOH for long time, also do not 
spin again. Just rinse the pellet and remove the EtOH by carefully pipetting. Try to 
keep the rinse step as short as possible because DNA will redissolve into 70% EtOH 
since at this point when the amount of DNA is very low. Be careful not to discard the 
pellet. Do not over dry pellet otherwise DNA will not be able to go into solution.  
 
52. Add ddH2O, 60 µl per sample (if there are multiple tubes for each sample, divide this 
volume to these tubes so the total volume is 60 µl), keep at RT for at least 1 h, or 
overnight at 4 °C to fully dissolve DNA.  
 
▲CRITICAL STEP: you can use TE buffer if you need to do a second round of 
purification, but after the second round of purification, do not use TE buffer because 
EDTA is not good for downstream application.  
 
53. Measure DNA concentration by Qubit, follow the Qubit instructions. Store DNA at 
-20 °C or move on to Step 54-55. 
 
■PAUSE POINT: DNA can be stored at -20 °C for at least a year. 
 
54. Bind DNA from step 53 to beads for a second round of purification. Use 300 µl of 
beads again for each sample, wash beads 3 times with 1x W&B buffer before binding. 
Add to each sample ddH2O to total 600 µl, then add 600 µl 2x W&B buffer, mix well. 
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Remove the last wash from the beads, and add the DNA sample into the tubes that 
contain washed beads, mix by rotating at RT for 0.5 h, then move tubes to 4 °C, rotate 
overnight. Collect sample after binding for dot blot. 
 
▲CRITICAL STEP: The second round of purification (steps 54-55) is optional. It 
can improve specificity, but should be performed only when there is enough pull 
down from the first round of purification.  
 
55. Repeat steps 46- 53.  
 
56. Dot Blot to check the enrichment of biotinylated DNA (See Steps 33-42). 
 
Library Preparation and High-Throughput DNA Sequencing (●TIMING ~2 weeks) 
57. Library preparation using Kapa Hyper Prep Kit and high-throughput DNA 
sequencing on the HiSeq 2500 using manufactures’ protocols.  
 
Data Analysis (●TIMING 3-5 d) 
58. Convert the raw .bcl files were into demultiplexed compressed fastq files using the 
bcl2fastq 1.8.2 conversion software from Illumina. 
 
59. Check reads quality using FastQC. Remove reads with low quality. 
 
60. Mapped with bowtie2 use default parameters:  
bowtie2 -x hg19 -U filename.fastq -S filename.sam 
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61. Sam to Bam: 
samtools view -bS filename.sam > filename.bam 
 
62. Sort: 
samtools sort filename.bam filename.sorted 
 
63. Remove duplicate:  
samtools rmdup -s filename.sorted.bam rmdup_filename.bam 
 
64. Index: 
samtools index rmdup_filename.bam 
 
65. Generate TSA map using count_read_by_bin_0.9.py, which can be downloaded at 
http://www-u.life.illinois.edu/~yuchen1/count_read_by_bin_0.9.py. 
 
66. Convert wiggle file to bw file using wigToBigWig, which can be downloaded at 
http://www-u.life.illinois.edu/~yuchen1/wigToBigWig.  
 
67. Data can be displayed as TSA enrichment plot on genome browser. 
 
TIMING  
Step 1-14, In vivo TSA labeling: 4 d 
Step 15-16, Validation of TSA labeling by immunostaining: 2 d 
Step 17-28, Isolate genomic DNA from labeled cells: 4 d 
Step 29-32, DNA fragmentation: 1-2 d 
Step 33-42, Monitor biotin labeling of DNA by dot blot: 2 d 
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Step 43-56, Purification of biotinylated DNA: 3-5 d 
Step 57, Library preparation and high-throughput DNA sequencing: ~2 weeks 
Step 58-67, Data Analysis: 3-5 d 
 
TROUBLESHOOTING 
Troubleshooting advice can be found in Table 3.1. 
 
ANTICIPATED RESULTS 
Microscopy Visualization of TSA Labeling (Step 16) 
A typical successfully labeled cell should have specific signal for the target compartment. 
The intensity of the labeling should be generally similar for all cells in each sample. TSA 
condition 1 should generate most diffused labeling where the target is enlarged. TSA 
condition 2 gives more restricted labeling while still somewhat diffusing. TSA condition 
3 gives most restricted labeling, which should be very similar to immunostaining signal. 
The signal intensity for condition 1 should be highest and condition 3 should be lowest, 
given the same antibody concentration (Fig. 3.3). No primary control should show very 
low nonspecific background signal, mostly from cytoplasm. Free HRP control should 
show uniform labeling signal across the cell nucleus.  
 
DNA Isolation from Labeled Cells (Step 28) 
For 100 Million cells, the yield of DNA should be approximately 0.6 mg.  
 
Monitor Biotinylation by Dot Blot (Step 42) 
The biotin signal should be approximately between the 5
th
 and 7
th
 standard, which is 
approximately 0.0015-0.08 biotin per 1 million bp in average, depending on the labeling 
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efficiency. If assuming each DNA fragment has only 1 biotin, then 0.00007%-0.004% of 
the fragments are biotinylated.  
 
DNA Recovery from Streptavidin Beads (Step 53 or Step 56) 
For 2 mg input DNA, approximately 1-40 ng of DNA can be recovered from the first 
round ofpurification, depending on the labeling efficiency.  
 
High-Throughput Sequencing (Step 59) 
A minimum of 30 Million100 bp reads with average quality scores > 30 should be 
expected for each sample.  
 
Generating TSA Enrichment Plot (Step 67) 
The final TSA plot is a genome-wide map of enrichment values in log2 scale. Each value 
is the log2 ratio between the actual number of mapped reads in a 20 kb bin divided by 
expected value for a 20 kb bin size for pull-down, and the actual number of mapped reads 
in a 20 kb bin divided by expected value for a 20 kb bin size for the corresponding input. 
The step size of the binning, and as a result, the resolution of the map, is 100 bp. An 
enrichment plot ranging from -4 to 4 in log2 scale should be expected for a successful 
TSA experiment (Fig. 3.4). For no primary control, the plot should be expected to be 
overall flat, and the variation should be within -1 and 1 in log2 scale. 
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FIGURES AND TABLES 
 
 
 
Figure 3.1 TSA-Seq is able to measure cytological distance and translate into 
genomic plot. 
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Figure 3.2. TSA-Seq workflow. 
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Figure 3.3. Typical TSA labeling results.  
NIH-3T3-DHFR cells which contain lac operator tagged DHFR BAC transgene arrays 
(Bian et al., 2013) were fixed with either 1.6% formaldehyde and then were stained with 
primary mouse anti-GFP antibodies and secondary goat-anti-mouse IgG-HRP. The biotin 
labeling signals, detected by Streptavidin-Alexa Fluor® 594 (red) overlap with the 
GFP-LacI signals (green) marking the DHFR transgene locations. (a) In condition 1, the 
biotin signals are diffused with original TSA labeling. (b) In condition 2, adding sucrose 
to a final concentration of 50% in the TSA reaction can effectively reduce the biotin 
diffusion thus reduce the spreading of labeling signals. (c) In condition 3, when DTT was 
added during the TSA reaction at 1 mM concentration, the signals are more restricted. 
Bar: 2 µm. 
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Figure. 3.4. Typical result of TSA-Seq experiment.  
Genomic plots showing TSA enrichment for all human chromosomes, with speckle 
marker protein SON as labeling target. 
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Table 3.1. Troubleshooting table.  
 
Step Problem Possible Reason Solution 
16 Staining signal is 
not specific or not 
strong enough 
Primary antibody is not 
specific, or the antibody 
concentration is not 
optimized 
Try to optimize the staining 
in a small scale before scale 
up 
16 Staining signal is 
not strong enough 
Nonadherent cells form large 
clumps and is not fully 
resuspended 
Resuspend the cells by 
pipetting well after each 
wash 
41 Dirty blot Non-specific binding of 
streptavidin-HRP to the 
membrane 
Increase detergent 
concentration, or reduce 
concentration of 
Streptavidin-HRP working 
solution.  
53 Very low 
recovery 
Digestion of Streptavidin is 
not complete 
Digest beads for a longer 
time 
53 Very low 
recovery 
Beads are lost during 
washing steps 
Sometimes beads will stick 
to the pipette tip, use low 
retention tip and be careful 
not to discard beads when 
pipetting 
64 Input has large 
variations from 
sample to sample 
Proteinase K digestion 
and/or reversing 
formaldehyde crosslink is 
not complete, during DNA 
extraction from fixed cells.  
Digest and reverse crosslink 
for a longer time to ensure 
complete digestion and 
reversing.  
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CHAPTER 4: CONCLUSIONS 
 
In the previous chapters, I presented a novel proximity mapping approach “TSA-Seq” 
and the new insights we gained on genome organization in relationship to nuclear 
compartmentalization I obtained by applying this method. Here I will provide more 
detailed discussion including some of the unpublished observations that give rise to 
additional interesting questions for future investigation.  
 
TSA-Seq modeling  
TSA-Seq is the first genomic method to measure cytological distance. It can be explained 
with a mathematically model and was validated with remarkable accuracy (medium 
residual < 0.05 μm) and reproducibility. Again the whole methodology is based on free 
radical diffusion, and it is known that diffusion from a point source follows an 
exponential decay. In the case of nuclear speckles, since they are small, we can 
approximately treat them as near-point sources. Also, distances between speckles are 
around 0.4 to 1 μm, and from microscopic measurement, the maximum distance TSA 
signal can reach 0.4 to 1 μm. As a result, the whole genome is within the detection limit 
of TSA and the labeling of a particular genomic region is dominated by its closest speckle. 
As a result, the TSA-Seq data fits the simple exponential model very well. Also, because 
TSA-Seq is measuring average distance based on ~300 million cells, such a large sample 
size makes the observed value very close to the true value, guaranteeing its high 
accuracy.  
 
However, in the case of lamina, since the lamin A or B distribution is a shell at the 
nuclear periphery, it is no longer a point source. As a result, the actual anti-Lamin A/B 
TSA signal distribution requires more complicated mathematical modeling and validation. 
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Further collaboration may be needed to solve the differential equation required for the 
final equation that links TSA-Seq enrichment value to distance between labeled DNA and 
the lamina. This effort is beyond the scope of this dissertation. Lamin TSA-Seq 
enrichment value can still report the relative distance, although this reported value may 
not be linearly or exponentially mapped to the true distance value. As a result, Lamin 
TSA-Seq map is already sufficient for answering most of the questions about genome 
organization near nuclear lamina.  
 
TSA-Seq optimization  
One major bottleneck now for TSA-Seq is that it requires hundreds of million cells for 
each experiment. As a method that does not require genetic manipulation, TSA-Seq has a 
wide range of potential applications, such as fixed samples and tissues. However, these 
rare samples usually contain small numbers of cells, and TSA-Seq would thus not be 
feasible with such samples at this early stage of development. The reason for requiring 
such a large number of cells is that the biotin labeling efficiency on DNA is very low, for 
unknown reasons. The next step may be trying to understand the chemistry of the TSA 
reaction better and to characterize which part of the DNA is forming a covalent bond with 
tyramide, so that the DNA may be pretreated to be more prone to reaction. Another way 
to increase labeling might be performing multiple rounds of the TSA reaction, using 
biotin as the labeling target for the second and third round. A third possibility is to 
optimize sequencing library preparation so that a small amount of starting material can be 
linearly amplified to give a reliable quantitative result. Different from ChIP-Seq, which is 
more qualitative - where the position of the peak, not the magnitude is more important - 
TSA-Seq is a quantitative method that needs unbiased amplification across the whole 
genome. As a result, the current library preparation methods used for very little input in 
ChIP-Seq may not be suitable for TSA-Seq. But as single cell sequencing technology and 
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methods to complete ChIP on small tissue samples advance, I would expect it may be 
feasible in the near future.  
 
The genome organization is more deterministic than stochastic 
Our study shows that the majority of the most highly expressed genes present 
deterministic association with nuclear speckles. However, the number of nuclear speckles 
and their position in each cell appears to be random. As a result, previous observation of 
positions of active genes appears to be stochastic, although they are located relatively 
interior in the nucleus. Our study suggests that nuclear speckles act as hubs for 
organizing the genome in 3D, with speckle proximity a more functionally relevant metric 
than radial position. In fact, the tight correlation between speckle distance and lamina 
distance points to a speckle-lamina axis, where association with speckles or lamina set 
the two extremes of the expression spectrum. Specifically, the lamina anchors inactive 
heterochromatin to the periphery (corresponding to the B2 and B3 subcompartment) and 
speckles anchor the transcription “hot zone” (corresponding to A1 subcompartment). 
Such organization is so hardwired into the genome that even transcription inhibition with 
heat-shock does not change the distribution (unpublished data by Liguo Zhang). The Mbp 
sized transition between A1 regions and LADs agrees well with the chromatin 
compaction rate, as visualized by FISH how chromatin loops traverses from nuclear 
periphery to an interiorly located speckle (Fig. 2.2 k-n and Appendix Fig. A6). However, 
the functional application for such genome organization, as well as the mechanism of 
speckle association awaits further investigation.  
 
The A1 and A2 subcompartments  
The function of nuclear speckles has previously not been well appreciated. However, in 
pol2 and Speckle double immunostaining images we see concentrated pol2 signal 
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appearing as rings surrounding nuclear speckles. Furthermore, the genomic analysis 
showed that the most highly expressed genes are localized at the nuclear speckle. 
Together these findings indicate that speckles may serve an important function in 
promoting transcription. It would be interesting to model both the distribution of nuclear 
speckles and pol2 from these 3D microscopy images. Further quantification of the pol2 
signal distributed in the half-micron ring surrounding speckles compared to other 
locations may add more insights towards the discovery of speckle function. 
 
As we have discovered the A1 subcompartment as being the speckle-proximal 
chromosome region, it is still not clear what the A2 subcompartment corresponds to, in 
terms of actual nuclear structure. Since immunostaining showed pol2 distribution all over 
the nucleus except for the periphery zone (Appendix Fig. A8), we hypothesize that these 
A2 regions occupy the shell between lamina and the interior area where the speckles are 
found. We expect to see chromosome fibers extending from the periphery into the interior 
but not reaching a speckle if FISH is performed with probes spanning from a SON TSA 
valley to a small peak corresponding A2 region.  
 
TSA-Seq as a method to measure chromatin compaction rate 
In our study, we were able to transform our SON TSA-Seq map into a speckle distance 
map. We note that from the distance plot, different chromosome regions have different 
slopes, implying different velocity in approaching speckles. This high slope can be used 
as a way to identify regions of chromatin that are extremely stretched or decondensed. In 
fact, in some of the FISH images, I noticed one or two BAC probes frequently showing 
fiber-like, stretched FISH signals, rather than the round diffraction limited FISH spot we 
usually see. Such fiber shape is quite consistent in all images of the same probe. These 
probes usually map to regions with high velocity, which interestingly, always map to the 
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boundaries of Hi-C subcompartments. Since this is a phenomenon we noticed from only a 
few BAC probes so far, more FISH probes are needed to systematically study this 
interesting problem. From these results we might be able to answer whether Hi-C 
subcompartments are actual reflecting localization at different nuclear structures.  
 
Long range interaction mediated by nuclear speckles 
When we aligned our SON TSA Seq data with Hi-C contact correlation map we observed 
speckle peaks are more likely to interact with other speckle peaks in the same 
chromosome (Appendix Fig C.1). Based on these observations we hypothesize that some 
of the Hi-C interactions are mediated by actual nuclear structures such as nuclear 
speckles. Extensive DNA FISH is needed to validate this hypothesis, where probes from 
adjacent SON TSA peaks may be picked to examine co-localization.  
 
Comparison of genome organization across cell types and species  
Currently SON TSA-Seq and Lamin B TSA-Seq on human diploid embryonic lung 
fibroblasts Tig3 cells are ongoing; once we obtain these data, we will be able to answer 
questions regarding the cell-type specific genome organization compared with cell-type 
specific gene expression. Future TSA-Seq experiments on cell lines from other species 
such as mouse 3T3 would also be very valuable for cross-species comparison.  
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APPENDIX A: SUPPLEMENTARY FIGURES FOR CHAPTER 2 
 
 
Figure A.1. TSA-Seq measures cytological proximity, whereas ChIP-Seq measures 
molecular proximity.  
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Figure A.1 (cont.) 
TSA-Seq is fundamentally different from ChIP-Seq because the TSA signal spreads over 
cytological distances, while ChIP requires molecular contact of a protein with the DNA. 
Consider a protein marker concentrated at very high levels within nuclear speckles (red 
ovals) but also present at low concentration over specific DNA sequences (small red dots, 
blue arrows). (a) The protein marker will cross-link to DNA (black lines) only at 
restricted sites adjacent to the small red dots, producing a localized ChIP-Seq signal, as 
seen for example for SRSF2 ChIP-Seq(Ji et al., 2013) (right) showing concentration over 
the Actb promoter region. In contrast, the vast majority of the protein marker- for 
instance the protein concentrated in the speckles- will produce no ChIP signal as it is not 
in molecular contact with DNA. Thus the ChIP-Seq signal is derived from only a small 
fraction of the total amount of the protein marker in the nucleus and does NOT reflect the 
protein marker distribution within the nucleus as visualized by light microscopy. 
Therefore the light microscopy visualization of protein marker distribution will not be 
predictive of the ChIP-Seq signal. In contrast, TSA produces a free radical that diffuses 
over cytological distances (100s-1000s of nm) and which reacts with any DNA within 
this region of diffusion (b). The small fraction of the protein marker in contact with DNA 
will therefore only produce a proportionally small fraction of the TSA-Seq signal (b, blue 
arrows), which instead will be dominated by the overall TSA signal that can be visualized 
through the light microscope. If the overall concentration of tyramide free radical 
diffusing from the vicinity of a nuclear speckle is substantially higher than the free 
radical concentration produced adjacent to actual DNA sequences, this speckle derived 
signal will dominate the TSA-Seq signal in proportion to the relative concentrations of 
these two signals. Therefore the actual TSA-Seq signal measured should be simply 
proportional to the TSA signal visualized directly by light microscopy, and this TSA 
signal will span large genomic regions (b, right), showing near constant levels of tens of 
kb regions. The TSA-Seq signal will therefore be proportional to the tryamide signal 
visualized directly by light microscopy (“What you see is what you get”). 
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Figure A.2. TSA produces a more diffuse signal than antibody staining and directly 
labels DNA.  
(a) Tyramide Signal Amplification (TSA): Primary antibody (magenta) targets epitope 
(Ag). Secondary antibody (green) is labeled with horseradish peroxidase (HRP) that 
catalyzes formation of a tyramide (T)-biotin (B) free radical (yellow star) from 
tyramide-biotin (square). Tyramide-biotin free radical diffuses and covalently links to 
nearby macromolecules, including DNA (brown line). (b) Comparison of anti-SON 
immunostaining (top) versus anti-SON TSA labeling (bottom) in CHO cells expressing 
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Figure A.2 (cont.)  
EGFP-SON shows diffusion of TSA signal. Top, left to right: EGFP-SON signal, 
anti-SON immunostaining using a fluorescently labeled secondary antibody, merged 
image showing EGFP-SON (green) and anti-SON immunostaining (red), and plots of 
EGFP-SON (green) or anti-SON immunostaining (red) intensity along the yellow line 
shown in the merged image. Bottom, left to right: same as top, but anti-SON TSA 
labeling visualized by Stepavidin-Alexa594 is shown instead of SON immunostaining. 
Scale bar: 5 µm. (c) Dot blot analysis verifies biotin labeling of salmon sperm DNA (SSD, 
top right) and plasmid DNA (PD, bottom right) after being treated with TSA labeling 
reaction. Left: Standards, at DNA concentrations indicated, using biotinylated PCR 
fragments, 1 biotin per 10bp, in 1:5 serial dilution. 3 μl is loaded for all spots on top 
panel and 5 μl is loaded for all spots on bottom panel. 
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Figure A.3. SON protein shows high concentration in nuclear speckles relative to 
other speckle-associated proteins.  
SON protein shows slightly higher speckle to nucleoplasmic ratio relative to a pSC35 
antibody and a much higher speckle to nucleoplasmic ratio relative to SR protein 
ASF/SF2 and SNRPB2 as revealed by two different super-resolution light microscopy 
methods. (a) Left to right: STED imaging of immunofluorescence staining against SON, 
phosphorylated SC35, ASF/SF2, and SNRPB2. Color heatmap is used to enhance 
intensity dynamic range. Scale bar: 2μm. (b) Left to right: 3D SIM imaging of SON, 
pSC35, merged image with SON (red), pSC35 (green), and DAPI (blue). Images are 
projections from 15 z-sections with a 0.125 μm focus step size. Scale bar: 1μm.
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Figure A.4. Dot blot screening of TSA biotinylation labeling of DNA from different 
TSA staining batches.  
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Figure A.4 (cont.)  
(a) Dot blot analysis for Experiment 1. Top row: standards using 500 bp biotin 
end-labeled PCR fragments, 1 biotin per fragment, in 1:5 serial dilution. Middle and 
bottom row: DNA extracted from cells that are labeled in four independent experiments 
(Batch 1-4) using three different staining conditions: no primary antibody control (No 1
o
), 
TSA Condition 1 (TSA), and TSA Condition 2 (TSA+Suc). 1 μl is loaded for all spots. (b) 
Dot blot analysis for Experiment 2. Top rows: standards using 500 bp biotin end-labeled 
PCR fragments, 1 biotin per fragment, in 1:5 serial dilution. Remaining rows: DNA 
samples from fourteen independent TSA staining experiments (Batches 1-6 for Blot #1 
and Batches 7-14 for Blot #2) using four different staining conditions: no primary 
antibody control (No 1
o
), TSA Condition 1 (TSA), TSA Condition 2 (Suc) and TSA 
Condition 3 (Suc+DTT). 1 μl is loaded twice for all spots.
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Figure A.5. Validating that TSA-Seq measures cytological distance to nuclear 
speckles and calibrating the relationship between TSA-Seq values and distance to 
speckles using DNA FISH.  
(a-c) 3D immuno-FISH validation that SON TSA signal measures speckle cytological 
proximity. (a) SON TSA genomic plots flanking eight BAC probe locations (A-H), 
chosen from regions of different SON TSA values and deciles. (b) Distance distribution 
to the nearest nuclear speckle for each of the 8 probes (n=100). (c) Summary of the 
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Figure A.5 (cont.) 
genome location of these eight probes, their SON TSA values averaged over the ~200 kb 
BAC regions, their TSA decile group (Most of BAC E corresponds to the 8th decile with 
the remainder in the 9th decile. as indicated by parentheses; similarly, BAC F lies mostly 
in the 4th decile. with the remainder in the 3rd decile). (d) Exponential fitting of TSA 
microscopy and SON TSA-Seq genomic data for the three TSA staining conditions: 
Condition 1 (top), Condition 2 (middle), and Condition 3 (bottom). From left to right: 
BAC transgene array in CHO cells visualized by GFP-lac repressor (green) with 
anti-GFP TSA reaction revealed by streptavidin staining (red) of biotin signal. Line scan 
showing intensities of diffraction limited GFP spot (green) versus TSA signal (red) along 
yellow lines in the microscopy images. Exponential fit of lac repressor TSA-intensity 
versus distance from GFP spot. Exponential fit of SON TSA-Seq enrichment (relative to 
mean) versus mean speckle distance for 8 genomic regions (c), as measured by 
immuno-FISH. (e) Summary of fitting parameters and their standard error for TSA 
microscopy and SON TSA-Seq genomic data sets. The exponential decay constants from 
the direct cytological measurement of TSA spreading from lac operator stained spots are 
within experimental error of the decay constants measured from the fit to the TSA-Seq 
genomic data for each of the three TSA staining conditions.
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Figure A.6. Validating intranuclear trajectories corresponding to several Mbp-size 
chromosome regions predicted from the SON TSA genomic plot. 
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Figure A.6 (cont.) 
(a-j) 3D Immuno-FISH results validate a interphase chromosome trajectory from the 
nuclear periphery to an interiorly located nuclear speckle as predicted for a 4 Mbp, 
approximately linear transition between a TSA-Seq valley (and LAD / inter-LAD 
boundary) and peak. (a) SON TSA genomic plot showing the locations and colors of two 
probes used to map the trajectory orientation. (b) SON speckle staining (green), probe 
positions (arrowheads, red-probe 1, yellow-probe 3), and DAPI DNA staining are 
completely (top) or partially (bottom, no DAPI) merged. For 77% of these examples, 
probe 1 maps ≤0.5 μm from the periphery (in 2D) with probe 2 located more interiorly 
(left); in 19% of examples, probe 1 is closer to the nuclear periphery than probe 2 but 
located > 0.5 μm from the periphery (middle); 4% of cases show an indeterminate 
orientation (right) (N=114). (c) Same SON TSA genomic plot as in (a) with locations of 
probes used for 1-color FISH (red). (d) Chromosome trajectories point from nuclear 
periphery towards a nuclear speckle in 69% of cases (85/124). Top panel- Probe signals 
(red, arrowheads) merged with anti-SON immunostaining (green) and DNA DAPI 
staining (blue). Bottom panel- probe signals and anti-SON staining only. Scale bars= 2 
μm. (e) SON TSA genomic plot of same region (a&c) with locations of probes used for 
2-color FISH with 5 probes spanning the whole 4Mbp region. (f-j) Examples of 
chromosome trajectories between nuclear periphery and speckle. (f) Whole nucleus view 
with selected region (boxed region) shown in (g), and three additional examples shown in 
(h-j). Probe signals (red, yellow) merged with anti-SON immunostaining (green) plus 
DNA-staining (blue-DAPI). Scale bars: 1μm. (k-p) A second example from a different 
chromosome region showing a 3 Mbp SON TSA-Seq peak to valley transition validated 
by 3D immuno-FISH as corresponding to a nuclear speckle to periphery trajectory (k) 
Genomic TSA-Seq plot showing location and colors of FISH probes. (l) Whole nucleus 
view with selected region (m, boxed region in l) showing only the trajectory, together 
with three other examples (n, p, o). Probe signals (red, yellow) merged with anti-SON 
immunostaining (green) plus anti-lamin immunostaining (blue). Scale bars: 1μm. (q-w) 
Three more probes spanning 7Mbp were added to (e) for the other half of the 
peak-to-valley transition to show a complete 11 Mbp trajectory loop from nuclear 
periphery to speckle and back to periphery. (s) Whole, projected nucleus view with 
selected boxed region showing only the trajectory in (s), together with three other 
examples (u, v, w). Probe signals (red, yellow) merged with anti-SON immunostaining 
(green) plus anti-lamin immunostaining (blue). Scale bars: 1μm. (r, t-w) Cartoons 
showing trajectory interpretations of FISH data for generic (r) or specific examples (t-w).
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Figure A.7. Genome features relative to speckle proximity.  
(a-e) Box plots show genomic features in each of the SON TSA deciles. Each plot shows 
median (inside line), 25th (box bottom) and 75th percentiles (box top). Upper whisker 
extends from 75th percentile to the highest value within 1.5-fold of the box length, and 
lower whisker extends from 25th percentile to the lowest value within 1.5-fold of the box 
length. Outliers are marked as black dots. With increasing speckle proximity, the number 
of exons per gene (a) and number of isoforms per gene (b) show little change; gene size 
decreases (c), number of transcription start sites per gene increases slightly (d), and GC 
content increases progressively (e). (f) In each SON TSA decile, the percentage of genes 
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Figure A.7 (cont.) 
in that decile that are highly expressed genes (top10%, dark pink) increases while the 
percentage of non-expressed genes (black) in deciles decreases with increasing speckle 
proximity. Genes expressed at near average levels (50-60%, grey) make up a near 
constant fraction of expressed genes in each decile, while genes expressed in the top 
20-30% percentile (light pink) are relatively depleted from the bottom 3 deciles, but 
otherwise show little variation in the percentage of expressed genes that they comprise in 
that decile. (g-o) Chromatin features related to transcription show continuous gradients as 
a function of distance from the speckles: DNase I hypersensitive sites peak count (g), 
Pol2 level (h), H2A.Z level (i), H3K4me1 peak count (j), H3K4me2 peak count (k), 
H3K9me1 level (l), H3K27ac level (m), H3K36me3 level (n) and H3K79me2 peak count 
(o). (p) A roughly binary division is seen for H4K20me1 level in the ten deciles. (q-w) A 
striking linear gradient relative to speckle proximity is observed for SINE repeat class (q) 
and Alu repeat family (r), in contrast with the evenly distributed LINE repeat class (s), L1, 
L2 repeat families (t,u) and simple repeat class (v) in the ten deciles. Satellite repeats 
show enrichment in a different spatial compartment that is neither close to spackle nor 
close to nuclear periphery (w). 
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Figure A.8. Distribution of RNA pol2 or nascent RNA pulse incorporation of EU 
pulse relative to nuclear speckles, the distribution of DNA, and the 
polycomb-repressive associated H3K27me3 mark visualized by light microscopy 
suggests several distinct active and repressive nuclear compartments.  
(a-b) Wild-field deconvolution microscopy images (a) and structured illumination 
microscopy images (b) showing RNA pol 2 immunostaining (red) relative to SON 
speckle immunostaining (white), H3K27me2/3 immunotaining (green), and DNA DAPI 
staining (blue). Foci of RNA polymerase 2 staining forms rings surrounding nuclear 
speckles (arrow heads) and is excluded from the nuclear periphery. H3K27me2/3 is in 
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Figure A.8 (cont.) 
smaller and more scattered foci throughout the nucleus than pol2, largely is interlaced 
rather than overlapping with RNA pol2 foci, and like RNA pol2 is excluded from the 
nuclear periphery but to a lesser extent. Scale bar = 2 μm. The SON immunostaining in (b) 
is not SIM but wild-field deconvolution microscopy. (c) Visualizing transcription levels 
and sites using EU pulse labeling. Left to right: DNA (DAPI) staining, SON 
immunofluorescence, 5 min EU pulse labeled with Click-IT fluorescent probe after 
fixation, SON (green)-EU (red) composite, SON (green), DAPI (blue), EU (red) 
composite. Transcription is detected throughout most of the nucleus except for a 
peripheral rim which is depleted of EU labeling. Speckles are generally surrounded by 
foci of nascent transcripts but similar foci of roughly comparable intensity are also 
distributed throughout most of the nucleoplasm, which has low SON intensity levels (the 
diffuse staining is actually largely out-of-focus blur from speckles in a different z-plane). 
Scale bar = 2 μm.
120 
 
 
Figure A.9. 2D Lamin (A/C or B) versus SON TSA-Seq scatter-plots showing inverse 
relationship between speckle proximity and lamina proximity, and distribution of 
gene expression and timing of replication relative to speckle-lamina axis.  
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Figure A.9 (cont.)  
(a-c) 2D TSA-Seq scatter-plots showing relationships between Lamin A, Lamin B 
TSA-Seq, and SON TSA-Seq for genomic regions. Each dot represents a single 300 kb 
bin plotted at a position corresponding to the average TSA-Seq values over this bin. 
Scatter-plots are shown as a function of TSA-Seq values (top) or TSA-Seq quantiles 
(bottom). (d) Location of expressed, protein-coding genes as a function of their 
expression levels. Expressed genes are divided into 10 deciles according to their 
expression level and each decile is plotted in its own 2D lamin B versus SON TSA-Seq 
scatter-plot, with genes in this decile appearing as a colored dot, and all other expressed 
genes appearing as grey dots. Left to right and top to bottom: Increasing expression 
deciles are plotted. As expression levels increase, gene location is skewed increasingly 
closer to speckles (x axis, higher SON TSA-Seq quantiles) and further from the lamina 
(y-axis, lower lamin B TSA-Seq quantiles). With the highest expression decile, there is a 
skewing or bias towards disproportionally higher SON TSA-Seq quantiles for regions far 
from the nuclear lamina and close to speckles (80100% SON TSA-Seq quantile, 0-20% 
lamin B TSA-Seq quantile). (e) DNA replication timing shifts progressively along the 
speckle-lamina axis with late replicating regions concentrated in areas near the lamina but 
far from speckles, while early replicateing regions concentrated in areas near speckles but 
far from the lamina. Each dot represents the average value over a 300kb bin. Red ellipses 
show the slight skewing of earlier replicating regions towards disproportionally higher 
SON TSA-Seq values and intermediate replicating regions towards lower lamin B 
TSA-Seq values. (d-e) Projections of these scatter-plot distributions are shown at the top 
and right sides of each plot. Gene expression and DNA replication ENCODE data are 
from K562 cells. 
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
 
SUPPLEMENTARY METHODS 
Comparison of Immunostaining with TSA Labeling 
CHO K1 cells were transfected with an EGFP-SON BAC transgene as described 
elsewhere(Khanna et al., 2014a). Cells were cultured at 37°C with 5% CO2 in F12 media 
supplemented with 10% FBS (Sigma-Aldrich) and Zeocin (0.2ng/ml). Cells were fixed in 
1.6% freshly prepared paraformaldehyde solution in CMF-PBS (calcium, 
magnesium-free phosphate buffered saline) for 15 min, and then permeabilized in 0.5% 
Triton-x100 (Sigma-Aldrich) in CMF-PBS for 30 min at RT. For immunostaining, cells 
were blocked in IgG Blocking buffer (CMF-PBS containing 0.1% Triton and 5% Normal 
Goat Serum (Sigma-Aldrich)) for an hour, incubated for 20-24 hrs at 4°C with primary 
antibody (Rabbit anti-SON (Atlas antibodies cat #HPA023535)) 1:2500 diluted in IgG 
Blocking buffer, and then secondary antibody (Goat anti-Rabbit-Texas Red, Jackson 
ImmunoResearch) 1:1000 diluted in IgG Blocking buffer for 20-24 hrs at 4°C. TSA 
labeling was done as described in Methods in Chapter 2. 
 
Biotin Labeling of Purified DNA Using the TSA Reaction 
100 g of Salmon Sperm DNA (Sigma-Aldrich) were mixed with 100µg/ml free HRP 
(Biomatik), tyramide-biotin (1:100 diluted from an 8 mM stock) and 0.0015% H2O2, in 
100 µl ddH2O and incubated for 20 min at RT. Enzyme were then heat inactivated at 
75 °C for 10 min. DNA was then extracted 2x using an equal volume of phenol 
(Fisher)/chloroform/isoamyl alcohol (25:24:1) and 1x with an equal volume of 
chloroform/isoamyl alcohol (24:1). DNA was precipitated overnight with 1/10 volume of 
3M Na Acetate, pH 5.2, and 2 volumes of 100% EtOH at -20 °C
 
for overnight and 
dissolved in ddH20. 
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Similarly, 42 µg of plasmid (pEGFP-C1) DNA were labeled with 100µg/ml HRP 
tyramide-biotin (1:100 diluted from an 8 mM stock) and 0.0015% H2O2 in 300 µl ddH2O 
for 30 min at RT. The enzyme was then heat inactivated at 75 °C for 10 min. DNA was 
extracted with phenol-chloroform as described above.  
 
Generation of Monoclonal Antibodies Against Lamin A/C and Lamin B 
All of the ROD2 and tail domains of lamin A/C and lamin B (LB1 and LB2) were 
expressed in bacteria as GST fusion proteins. They were purified by FPLC and then 
mixed together prior to injection into mice for immunization. Western blotting was used 
to screen the monoclonal antibodies from hybridoma colonies for their lamin specificity. 
Monoclonal antibody from clone 5G4 showed lamin A/C staining with no 
cross-reactivity apparent at a dilution of 1/10000 and only trace reactivity at a dilution of 
1/500. Monoclonal antibody from clone 2D8 showed lamin B staining with no 
cross-reactivity apparent at a dilution of 1/2000 and only trace reactivity to lamin A/C at 
lower dilutions. Dilutions of monoclonal antibodies for TSA staining described in 
Methods were of concentrated Bioreactor supernatants.  
 
Structured Illumination Microscopy (SIM) 
3D SIM images were taken with 0.125 μm z-steps using an Applied Precision OMX V3 
(GE Healthcare) with a 100x/1.4 NA oil immersion objective lens (Olympus), laser 
illumination (405nm, 488nm and 568nm), and Evolve 512 EMCCD camera 
(Photometrics). When conventional mode is selected, solid state illumination is used (for 
Cy5). Image reconstruction, channel registration and alignment were performed with 
Softworx software. 
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Bioinformatics Analysis of Other Genome Features 
For correlating SON TSA levels relative to DNA repeats, we recorded positions for 
different repeat classes/families using the UCSC RepeatMasker track. The GC content in 
each SON TSA decile was calculated using the nucBed program included in bedtools 
version 2.17 (Quinlan and Hall, 2010). The number of exon, intron, isoform and TSS 
were extracted from the GENCODE (Harrow et al., 2012) annotation file version 19 from 
the GENCODE website (http://www.gencodegenes.org/). Gene sizes and gene density 
across SON TSA deciles were extracted from the GENCODE annotation file version 3c, 
downloaded from the ENCODE project. This is the same annotation file we used for 
generating gene expression data. 
 
Hi-C Compartment Eigenvector  
To generate the Hi-C compartment eigenvector track, we used a recently published high 
resolution Hi-C dataset(Rao et al., 2014) from human K562 cells. First we downloaded 
the intrachromosome Hi-C raw contact matrices at 10 kb resolution and normalized the 
contact matrices using provided KR normalization vectors. Then we applied Principal 
Component Analysis (PCA) using “princomp” function in R, on the normalized contact 
matrix of each chromosome individually. As shown previously(Imakaev et al., 2012), 
eigenvector expansion is equivalent to PCA of the normalized contact matrix. The first 
principle component (PC1) corresponds to the eigenvector with the largest eigenvalue. 
Eigenvectors were normalized by magnitude. Here we only showed the first eigenvector. 
 
 
 
 
 
125 
SUPPLEMENTARY TABLES 
Table B.1. Summary of conditions for all TSA-Seq experiments. 
Group Experiment 1
o 
Ab 
Conc. 
2
o 
Ab 
Conc. 
TSA 
Condition 
Round of 
Purifica- 
tion 
Round of PCR 
amplification 
1 No primary 
control 
N/A 1:1000 TSA  1 15 
1 SON_TSA 
Condition 1 
1:2000 1:1000 TSA  1 15 
1 SON_TSA 
Condition 2 
1:2000 1:1000 TSA 
+Sucrose 
1 15 
1 SON_TSA  
Condition 2 
purified twice 
1:2000 1:1000 TSA 
+Sucrose 
2 15 
2 SON_TSA 
Condition 1 
1:1000 1:1000 TSA  2 8 
2 SON_TSA 
Condition 2 
1:1000 1:1000 TSA 
+Sucrose 
2 8 
2 SON_TSA 
Condition 3 
1:1000 1:1000 TSA 
+Sucrose 
+DTT 
2 8 for input 
12 for pull-down 
3 No primary 
control 
N/A 1:200 TSA 
 
2 8 for input 
10 for pull-down 
3 Lamin A_TSA 
Condtion 1 
1:1000 1:200 TSA 
 
2 8 
3 Lamin A_TSA 
Condtion 2 
1:1000 1:200 TSA 
+Sucrose 
2 8 
4 No primary 
control 
N/A 1:1000 TSA 
+Sucrose 
1 10 
4 Lamin B_TSA 
Condition 2 
1:1000 1:1000 TSA 
+Sucrose 
1 10 
 
 
 
 
 
126 
Table B.2. BACs used for DNA FISH. 
For 3D distance measurement: 
Probes BAC Genome Coordinates 
A RP11-634L10 Chr17:79,796,814-79,969,288 
B RP11-479I13 Chr6:31,694,290-31,908,943 
C RP11-264N5 Chr7:100,068,334-100,262,958 
D RP11-1058N17 Chr18:46,328,263-46,524,378 
E CTD-3106L12 Chr2:24,998,185-25,209,742 
F RP11-997B19 Chr17:69,698,111-69,877,392 
G RP11-978O5 Chr2:22,925,891-23,120,000 
H RP11-846O11 Chr18:38,612,910-38,817,071 
For looping from nuclear lamina to nuclear speckles: 
Probes BAC Genome Coordinates 
1 RP11-978O5 Chr2:22,925,891-23,120,000 
2 RP11-1080G13 Chr2:24,019,044-24,218,791 
3 CTD-3106L12 Chr2:24,998,185-25,209,742 
4 RP11-791D16 Chr2:26,069,230-26,271,448 
5 RP11-281H16 Chr2:27,201,851-27,389,538 
6 RP11-373D23 Chr2:28,560,953-28,718,617 
7 RP11-729K13 Chr2:30,610,255-30,805,210 
8 RP11-1008C9 Chr2:34,145,606-34,336,642 
9 RP11-302K17 Chr10:103,818,001-103,976,434 
10 CTD-3244P16 Chr10:104,750,320-104,924,804 
11 CTD-2503D10 Chr10:105,710,150-105,929,014 
12 RP11-833F23 Chr10:106,768,289-106,971,464 
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Table B.3. Public Datasets Used in Analysis. 
Cell line data 
Specie
s 
Cell type Group Assay type Data 
type 
Histone Modification mark, DHS, RepliSeq or 
Hi-C 
Replicates 
Human K562 ENCODE-Broad ChIP-seq peak H2az pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K27ac pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K27me3 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K36me3 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K4me1 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K4me2 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K4me3 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K79me2 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K9ac pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K9me1 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H3K9me3 pooled 
Human K562 ENCODE-Broad ChIP-seq peak H4K20me1 pooled 
Human K562 ENCODE-Broad ChIP-seq peak CTCF pooled 
Human K562 ENCODE-Broad ChIP-seq peak P300 pooled 
Human K562 ENCODE-Broad ChIP-seq peak Pol2 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H2AZ pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K27ac pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K27me3 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K36me3 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K4me1 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K4me2 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K4me3 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K79me2 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K9ac pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K9me1 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H3K9me3 pooled 
Human K562 ENCODE-Broad ChIP-seq signal H4K20me1 pooled 
Human K562 ENCODE-Broad ChIP-seq signal P300 pooled 
Human K562 ENCODE-Broad ChIP-seq signal Pol2 pooled 
Human K562 ENCODE-Broad ChIP-seq signal input pooled 
Human K562 ENCODE-SYDH ChIP-seq raw fastq Pol2 pooled 
Human K562 ENCODE-SYDH ChIP-seq raw fastq input pooled 
Human K562 ENCODE-AWG DNase-seq peak DHS pooled 
Human K562 ENCODE-UW Repli-seq signal RepliSeq 1 
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Table B.3 (cont.) 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-G1 1 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-S1 1 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-S2 1 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-S3 1 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-S4 1 
Human K562 ENCODE-UW Repli-seq signal RepliSeq-G2 1 
Human K562 ENCODE-Caltech RNA-seq gff Gene expression 1 
Human K562 LAE-BCM Hi-C matrix Hi-C pooled 
Human Tig3 Bas DamID chip signal DamID  1 
Human Tig3 Bas DamID chip segment DamID  1 
Human GM12878 LAE-BCM Hi-C segment Hi-C subcompartment 1 
Human MCF-7 XFD-UCSD ChIP-seq raw fastq MALAT1 CO1 1 
Human MCF-7 XFD-UCSD ChIP-seq raw fastq MALAT1 CO2 1 
Human MCF-7 XFD-UCSD ChIP-seq raw fastq MALAT1 input 1 
Mouse MEF XFD-UCSD ChIP-seq raw fastq SRSF2 HA 1 
Mouse MEF XFD-UCSD ChIP-seq raw fastq Pol2 1 
Mouse MEF XFD-UCSD ChIP-seq raw fastq IgG 1 
Mouse MEF XFD-UCSD ChIP-seq signal Gene expression 1 
Mouse MEF XFD-UCSD GRO-seq signal Nascent RNA production 1 
Mouse MEF ENCODE ChIP-seq bam Pol2 pooled 
Mouse MEF ENCODE ChIP-seq bam input pooled 
Mouse MEF ENCODE RNA-seq signal Gene expression pooled 
Mouse MEF JTL-Cornell GRO-seq bed Nascent RNA production 1 
Generic annotation data 
Data File type version Link 
Genome fasta fasta hg19 http://hgdownload.soe.ucsc.edu/goldenPath/hg19/chromosomes/ 
Genome fasta fasta hg19 http://hgdownload.soe.ucsc.edu/goldenPath/hg18/chromosomes/ 
RepeatMasker bed hg19 http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/rmsk.txt.gz 
Gene Annotation  gtf GENCODE 
version 19 
ftp://ftp.sanger.ac.uk/pub/gencode/Gencode_human/release_19/gencode.v19.
annotation.gtf.gz 
Gene Annotation gtf GENCODE 
version 3c 
ftp://ftp.sanger.ac.uk/pub/gencode/release_3c/gencode.v3c.annotation.GRCh3
7.gtf.gz 
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APPENDIX C: SUPPLEMENTARY FIGURES FOR CHAPTER 4 
 
 
Figure C.1. Comparison of SON TSA domains and deciles with HiC correlation 
maps. 
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Figure C.1 (cont.) 
Chromosome 11 and 15 are shown as examples. Regions with distinct interaction 
profiles shown by Hi-C on K562 cells have distinct speckle proximity. In particular, 
regions with a specific SON TSA decile assignment show high Hi-C interaction 
correlations with other regions that have the same or similar decile assignments. 
Conversely, regions with very different SON TSA decile assignments show low Hi-C 
interaction correlations. 
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APPENDIX D: PROTOCOLS 
 
Protocol 1  
Culturing Mouse NIH-3T3 Cells 
 
Day 0:  
Make sure there are enough DMEM Media and BGS (Bovine Growth Serum).  
 
Day 1: (1h) 
1. Turn on hood 10 min before use. Warm up media and thaw BGS in the 37 
degree water bath. (Do not close the water bath lid). If you need selection, 
also warm up the drug stock solution. 
 
2. Sterilize your glove, the working surface of the hood by spraying and wiping 
with 70% EtOH. Anything that goes into the hood will also have to be 
carefully sprayed and wiped with 70% EtOH.  
 
3. For each 500ml DMEM bottle, add 10% BGS (50ml, that is, one tube). For 
this particular cell line NIH-3T3-HBB-C3, prepare selection media (take 
100ml DMEM+BGS, add selection drug hygromycin 1:2000 (v/v), and G418 
1:2000(v/v), mix well, this is used.  
 G418 is used at 400ug/ml as maintaining concentration, but when 
making the stable cell line, it is used at 800ug/ml. 
 When thawing the cell, do not use selection media, keep cells in regular 
media (DMEM+10%BGS for several days until they are healthy. Also 
because selection interferes with cell cycle etc. remove selection media 
several days before use the cells for experiments). 
 
4. Take out a T-75 flask, add 10ml of the prepared media to the flask and put it 
in 37 degree incubator to balance the CO2 content.  
 
5. Find the location of the vial you want to thaw in the log file, make note of it, 
and mark off the information from your log file. Prepare dry ice in an ice 
bucket. Open liquid nitrogen tank, pull out the rack that contains your cells, 
and drain all the liquid nitrogen before you take out. Find the box, take out 
the vial onto the dry ice. Put everything back into place; make sure the tank 
lid is closed properly (otherwise liquid nitrogen will leak). Sign and date in 
the sign-in sheet attached to the lid.  
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6. Thaw cells in the 37 degree water bath by shaking; be careful not immerge 
the vial into water. Otherwise water will get into the vial. Cells are safe on 
dry ice, but once you thaw it, remember to thaw as fast as possible. 
 
7. Sterilize the vial; carefully soak out all the liquid that goes into the cap. Take 
out the T75 flask, open the vial cap carefully to avoid any liquid going into 
the vial, take cells out using long pipette into the flask, mix well, keep the 
flask at 37 degree incubator overnight to let the cell settle.  
 
Day 2: (0.5h) 
8. Change media to remove DMSO. Cells were in 10%DMSO when freezing, so 
after cell become attached to the bottom of the flask, pipette all media out 
and replace with 10ml of fresh media. This is usually done in the morning. 
 some people spin the cells to remove DMSO before it is added into the 
flask. So there is no Day 2 step. What they do is they took a 15ml 
conical tube, add 10ml of culture media, take cell from the vial into the 
tube, mix well, spin at 800rpm for 5min, discard supernatant, resuspend 
the cell pellet with media that is taken from the flask and then add the 
mixture back to the flask.  
 It is also better to change media as soon as the cells attached to the 
bottom of the flask, it usually take several hours. But overnight is also 
fine.  
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Protocol 2  
Making LB Agar Plates 
 
1. Weigh out the following into a 1L Erlenmeyer flask: 
        5g NaCl 
        5g Tryptone 
        2.5g Yeast Extract 
        7.5g Agar 
        add (dH2O) to 500mL 
 If prepare 1L LB Agar, use 2L maximum volume flask (the solution 
volume should always be half of the maximum volume for it to be safely 
autoclaved.) 
 Usually use 20-25ml for each plate, so ~500ml can pour 20 plates  
 usually use 1.5%-2.0% Agar, I found 1.6-1.7% give the best 
softness/hardness 
 Note: If your lab has pre-mixed LB agar powder, use the suggested 
amount instead of the other dry ingredients above.  
 
2. Swirl to mix - the contents do not have to be completely in solution, but any 
powder left on the sides of the flask will caramelize on the glass during 
autoclaving. 
 
3. Cover the top of the flask with aluminum foil and label with autoclave tape. 
 
4. Autoclave on the liquid setting for 20-30 minutes or according to your 
autoclave's specifications. 
 
5. After removing the solution from the autoclave, allow the agar solution to 
cool to 55°C.  
 Note: This can be done by placing the flask in a 50°C oven or water bath, 
as this will hold the temperature and it can be left unattended for some 
time. 
 For fast cooling, place the flask side under running water, and gently 
shake the flask (avoid too much bubbles), be careful not to cool too 
much, agar will solidify at around 42°C. 
 
6. When pouring plates, keep your bench area sterile by wiping the surface 
with 70% EtOH and working near a flame or bunsen burner. 
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7. Add the appropriate amount of desired antibiotic to the solution (500μL if 
you are using a 1,000x antibiotic stock) and swirl to mix. 
 Antibiotics will degrade at temp>50°C so do not add them until right 
before you pour the plates. 
 
8. Pour ~20mL of LB agar per 10cm polystyrene Petri dish. 
 Note: Pour slowly from the flask into the center of the petri dish. When 
the agar has spread to cover about 2/3 of the dish stop pouring and the 
agar should spread to cover the entire plate. You may need to tilt the 
plate slightly to get the agar to spread out completely. If you pour in too 
much, the plate will be fine, but it will reduce the number of plates you 
can make per batch. 
 Note: If bubbles are introduced during the pouring, these can be 
removed by quickly passing the flame of an inverted bunsen burner over 
the surface of the plate. Be careful, if you leave the flame too long it will 
melt the petri dish. Also be careful not to burn yourself. 
 
9. Place the lids on the plates and allow them to cool for 30-60 minutes (until 
solidified) then invert the plates.  
 
10. Label the bottom of plates with antibiotic and date and store in plastic bags 
or sealed with parafilm at 4°C. Stack upside down. 
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Protocol 3  
Coating coverslips with poly-lysine 
 
1. Take a 10cm dish to tissue culture hold. 
 
2. Drop on 50ul of poly-lysine solution (0.01% W/V, sigma P4707). 
 
3. Put sterilized coverslip on top of the drop, let the solution spread to 
edges. 
 
4. Cover the dish with lid, incubate @RT for 5min-30min. 
 
5. Take a new dish, place a filter paper at the bottom of the dish. 
 
6. Take coverslip out, with coated surface up, put it on to the filter paper 
of the new dish, air dry. 
 
7. Coverslips can be stored for 1 year. 
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Protocol 4  
Immuno-Staining with Mouse anti PolII antibody 
 
Prepare PBS, 0.1% PBST, 0.5% PBST, poly-lysine coated coverslips, mounting 
media, cells in culture, before start. (T=Triton)  
 
Day 1:    
1. Prepare 1 million cell/ml of K562 cells in RPMI+10%FBS, plate 0.5ml to 
poly-lysine coated coverslips, incubate at 37℃ until cells attach to the 
coverslips, it usually take 15min-45min. 
 
2. Prepare                ml of 1.6% PFA (0.5ml per coverslip). 
 PFA concentration depending on cell type, usually 1.6%-4%. 
 Boil the powder to fully dissolve. 
 Cool down to RT before use. 
                       
3. Fix cells in freshly made 1.6% PFA at RT for 15min. 
 
4. Quench with 0.5M glycine in PBS for 5min.  
 
5. Permeabilize cells with 0.5% PBST at RT for 30min. 
 Meanwhile, prepare IgG Blocking Buffer (IgGB) (5% Normal Goat Serum 
(NGS) in 0.1% PBST). 
 Here I use 5% NGS to block because the source of secondary antibody is 
goat. Generally, the serum source used to block should be the same as 
the antibody source. Otherwise BSA can be used to substitute for serum. 
 
6. Block with IgGB, 50ul per coverslip, at RT for 1h, right before step 7, prepare 
1o antibody solution with 1:500 dilution, by diluting: 
____ul Mouse-anti-PolII antibody in ______ul IgGB. 
 Antibody concentration needs to be tested for different antibodies and 
cell lines. 
 
7. Remove IgGB, add 1o antibody solution to coverslips, and incubate at 4 ℃ 
o/n in a humid chamber.  
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Day2:  
8. Wash coverslips in 0.1%PBST 3 times x 5min. While wash, prepare 2o 
antibody solution with 1:100 dilution, by diluting: 
____ul __ __anti -Mouse-AMCA__antibody in ______ul IgGB. 
 The AMCA conjugates is blue, so do not use DAPI containing mounting 
media when mount the coverslips.  
  
9. Add 2o antibody solution to coverslips, and incubate at RT for 1-2 hours.  
 Can use lower dilution and 5 hours incubation at RT or overnight 
incubation at 4 ℃. 
 
10. Wash coverslips in 0.1%PBST 3 times x 5min.  
 
11. Mount coverslips in mounting media without DAPI. 
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Protocol 5  
BAC Minipreps 
 
Day 0 (0.5h) 
1. Pick colonies from plate and inoculate into 4-6ml LB plus antibiotic, grow on 
the shaker at 37 C for 14-16 h. 
 
Day 1 (9h) 
2. Freeze down a sample of each clone in glycerol at -80 C. Spin down 4-6ml of 
the culture in the ultracentrifuge for 2 min at 9k x G. Leave ~200ul and keep 
at 4 C (BAC will not be stable, so keep no more than 2 days) for inoculation if 
you want to further do maxi- or midi-prep. 
 I use 0.5ml bacterial culture + 0.75ml of 50% glycerol (stock solution, 
autoclaved) to final 30% glycerol concentration, mix completely and 
freeze. 
 When pellet the bacterial, don’t use speed that is too high, otherwise 
pellet will be too tight and hard to resuspend and lysis.  
 Freeze the bacterial pellet to -20 C if you want to stop here. 
 
3. Resuspend pellet in 350ul of P1. Vortex to get pellet fully resuspended. 
 
4. Add 350ul of P2. Rotate the tube very gently to mix. DO NOT vortex. Let sit 
at RT for 5min. 
 Short incubation result in incomplete lysis, which result in poor visibility 
in gel. Longer than 5min incubation will also bring in genome DNA, 
which shows as smear in the gel so the banding will also be hard to see.  
 sitting for 5min doesn’t help lysis that much. Need to rotate to mix the 
buffer well with the bacteria and see the solution become clear before 
put the tube down. Also need to rotate tube to lyse cell immediately 
after adding P2 buffer, otherwise one part of the solution that are in 
contact with P2 buffer will become very viscous due to protein released 
from bacteria and the tube will be very hard to mix completely, and the 
cells that are not mixed with buffer will not be lysed.  
 
5. Add 350ul of cold P3. Rotate the tube very gently to mix. DO NOT vortex. 
Incubate on ice for 15min. 
 Here in this step, better keep P3 and tube on ice all the time to facilitate 
precipitation. 
 Also, similar to step4, mix well by rotating before put the tubes on ice. 
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6. Centrifuge for 30min at 20Kx G in the altracentrifuge at 4℃, Pour 
supernatant into a 2ml microcentrifuge tube. 
 I spin 20min at top speed, take supernatant to a new tube (will have 
some precipitant carry over), and then spin again for 20min at top speed, 
take supernatant to a new tube. This time will be clear.  
 
7. Add 0.7 volumes (~700ul) of room temperature isopropanol to each tube. 
Rotate to mix till a uniform solution. 
 Anywhere between 0.6V-0.8V will work. This step should also be quick, 
too long incubation with isopropanol will result in precipitation of salt.  
 
8. Microfuge for 30min at 4 degree at 20kxG (13.2rpm). 
 
9. Pour off supernatant; carefully add 1ml of 70% EtOH to each tube. Try not 
to disturb the pellet.  
 
10. Microfuge for 10min at 4 degree at 13.2 rpm. 
 
11. Carefully aspirate as much ethanol as possible without sucking up the pellet. 
This is best done by inverting the tube as you aspirate. 
 
12. Let pellet dry completely at room temperature. When dry it should be clear. 
 
13. Add 30ul of buffer EB or water to each tube. Put tubes at 50 ℃ to let the 
pellet soften for at least 15min before trying to resuspend, or keep it at 4 ℃ 
overnight to fully dissolve DNA . Resuspend gently using tips that have 
large-openning so as not to damage the DNA. 
 Most people use 20ul since it will be hard to load to the gel if the volume 
is too large. 
 Digesting 10-20ul of DNA as prepared above will give good bands on a 
0.5% gel with 6.5mm lane.  
 If you want a more concentrated or dilute sample add more or less 
ddH2O in step 13. It’s hard to use less than 20ul though.  
 I use 60ul ddH2O, after dissolve, I split into 2x30ul so I can use 2 different 
restriction enzymes to digest every BAC. 
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14. Pick the right enzyme to digest BAC. At 37 ℃ 1h-2h (can be digested for 
several hours, but don’t do overnight), load on to 0.5% agarose gel (Big gel 
box with 6.5mm lane), using 1kb plus DNA marker.  
 For –HF enzyme, use cutsmart buffer, other enzyme, look up the buffer 
in NEB handbook, use 10ul of enzyme+buffer+BSA(if specified)+ddH2O 
and 30ul BAC to total 40ul. The total volume should not exceed 40ul 
otherwise it will not fit into the well. 
  
BAC DNA 30ul 
Enzyme 0.25ul(20000units/ml) or 0.5ul (10000units/ml) 
10xBuffer 4ul  
BSA as indicated 
H2O To total 40ul 
 
BAC name: Enzyme: 
  
  
  
  
 
 Half of biggest Gel:  
o Load 10ul (200ng/ul containing loading dye) of 1kb plus (Invitrogen) 
DNA ladder, run at 22V overnight (~12-16h), or 100V ~4h (<120V) 
until the loading dye reach the edge of the gel. Take picture after 
stain with Ethidium Bromide, compare size distribution with 
predicted pattern.  
 Biggest Gel: 
o Load 15ul (200ng/ul containing loading dye)of 1kb plus(Invitrogen) 
DNA ladder, run at 40V overnight (~12-16h) until the dye reaches 
the middle of the gel, and the bands will be at the lower part of the 
gel.  
o Need 250ml-300ml 0.5% agarose in TAE to make the gel. 
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Protocol 6  
BAC Midi Prep  
 
(Modified based on Qiagen User-developed Protocol for Isolation of BAC 
DNA using the QIAGEN® Plasmid Midi Kit) 
 
Day 0 (0.5h) 
1. Pick a single BAC colony and inoculate a starter culture of 5 ml LB medium 
containing the appropriate antibiotic. 
 
Day 1 (0.5h) 
2. Inoculate 0.5 ml pre-culture into 100 ml selective LB medium. Grow at 37°C 
for 14 hours with vigorous shaking (~250 rpm). 
 
Day 2 (8h) 
3. Collect bacteria culture into 250 ml tubes, and harvest the cells by 
centrifugation at 4500 x g for 20 min.  
 Or use 2 x50ml tubes, so the volume in the following steps will be 
divided by 2. 
 For the SLA rotor, spin at 6k rpm for 10 min (GSA rotor is similar but 
heavier). 
 Tubes need to be balanced, add ddH2O to make sure they have the same 
weight. 
 You can store the pellet at -20°C if you want to stop at this step. 
 
4. Resuspend each bacterial pellet in 20 ml Buffer P1.  
 Ensure that RNase A (100 μg/ml) has been added to Buffer P1.  
 Before adding P1, thaw pellet completely and votex until bacteria are 
fully resuspended. 
 After adding P1, votex again to fully resuspend bacteria. It is helpful if 
add 5ml P1 first, resuspend well, and then add the rest of 15ml P1. 
 
5. Add 20 ml Buffer P2 to each tube. Mix thoroughly and gently by inverting 
4–6 times, and incubate at room temperature for 5 min.  
 Check Buffer P2 before use for SDS precipitation due to low storage 
temperatures. If necessary, dissolve the SDS by warming to 37°C.  
 Do not lyse too long, otherwise there will be genomic DNA 
contamination. 
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6. Add 20 ml chilled Buffer P3 to each tube. Immediately mix by gently 
inverting 4–6 times, and incubate on ice for 15 min.  
 Balance the tubes when incubating, by adding H2O.  
 
7. Centrifuge at ≥20,000 x g for 30 min at 4°C. Remove supernatant 
containing plasmid DNA promptly.  
 If you use 50ml culture, the volume is 30, so use one 30ml tube, if you 
use 100ml culture, the volume is 60, split into two 30ml tubes. 
 Tubes again need to be balanced by adding ddH2O. 
 
8. Centrifuge the supernatant again at ≥20,000 x g for 15 min at 4°C. Remove 
supernatant containing plasmid DNA promptly. 
 Use SS-35 rotor, and spin at 14k rpm. 
 
9. Equilibrate a QIAGEN-tip 100 by applying 4 ml Buffer QBT, and allow the 
column to empty by gravity flow. 
 Do it 3 min before Step8 completes. 
 If you use 50ml culture, use 1 tip, if you use 100ml culture, use 2 tips for 
each BAC culture. 
 
10. Pool the two supernatants from step 8. Apply the sample to the QIAGEN-tip 
and allow it to enter the resin by gravity flow. 
 
11. Wash the QIAGEN-tip with 2 x 10 ml Buffer QC. 
 
12. Elute DNA with 5 x 1 ml Buffer QF, prewarmed to 65°C. 
 Prewarming the elution buffer may help to increase yields. Eluting in 5 
aliquots of 1 ml instead of 1 aliquot of 5 ml prevents cooling of the 
elution buffer.  
 For tighter pellet, use 30ml conical –shaped spin tube and use adaptor 
for these tubes.  
 If using 2 tips, elute the BAC into the same tube, so the total volume is 
10ml. 
 Can stop here if you need to. Keep the elution at 4°C o/n. 
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13. Precipitate DNA by adding 3.5 ml room-temperature isopropanol to the 
eluted DNA. Mix and centrifuge immediately at ≥15,000 x g for 30 min at 
4°C. Carefully decant the supernatant. 
 If elution volume is 10ml, add 7ml isopropanol. 
 I use 20000 x g. 
 
14. Wash the DNA pellet with 2 ml of room-temperature 70% ethanol and 
centrifuge at ≥15,000 x g for 10 min. Carefully decant the supernatant 
without disturbing the pellet. 
 
15. Air-dry the pellet for 5–10 min, and redissolve the DNA in a suitable volume 
of buffer (e.g., TE, pH 8.0, or 10 mM Tris•Cl, pH 8.5).  
 I use 100ul/150ul/200ul ddH2O. 
 Measure concentration after dissolve. 
 
16. Take 2-4ug, do the same restriction enzyme digestion as did with the Mini 
prep, to check the brightness of bands and its relative amount to genomic 
DNA smear.  
 If too much genomic DNA, the BAC cannot be used to make FISH probes. 
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Protocol 7  
Prepare FISH probes from BAC using Nick Translation 
 
Reagent needed: 50% dextran sulfate, deionized formamide, 20X SSC, (or 
hybridization buffer) 
 
FOR MAKING BIOTINYLATED PROBE: 
Use protocol of BioNick from Invitrogen, Cat.No.: 18247-015 
10X dNTP Mix, provided in the Kit: 
0.2mM Each dCTP, dGTP, dTTP 
0.1mM dATP 
0.1mM Biotin-14-dATP 
500mM Tris-HCl, pH7.8 
50mM MgCl2 
100mM Beta-ME 
100ug/ml BSA 
 
FOR MAKING DIG (Digoxigenin) PROBE: 
10x dNTP Mix (need to mix from stock solution of all the components):  
0.5mM Each dATP, dCTP, dGTP 
0.375mM dTTP 
0.125mM Dig-11-dUTP 
500mM Tris-HCl, pH8.0 
50mM MgCl2 
500ug/ml BSA 
 
 I made 500ul of 10x dNTP Mix without dig-UTP, aliquot and freeze at 
-20°C. I didn’t include dig-11-dUTP in the mix, since there is not enough 
stock solution. The stock solution of dig-11-dUTP has concentration of 
1mM. So for individual 50ul reaction, I add 0.625ul of dig-UTP (so final is 
0.0125mM) and subtract 0.625 ul from the volume of ddH2O. 
 
Reaction mix: 
5 ul 10x dNTP Mix (from kit or self-made) 
x ul (1ug) BAC DNA 
40-x ul ddH2O 
5 ul 10x Enzyme Mix (from kit) 
Total 50 ul 
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Vortex to mix, spin briefly and then incubate in PCR machine for 1.5h with 
temperature set at 16°C. 
 Incubation time is from 45min to 2h, you need to test the condition 
depending on different batches of BAC DNA. The ideal fragment size on 
the gel should be around 50-200bp. 
 Each 50ul reaction is good for 10 coverslips (1ug of template for 50ul 
reaction, and 0.1ug of probe for each coverslip). 
 
After nick translation: 
1. Add 5ul stop buffer. 
 
2. Run 5ul on a 1.5% mini-gel to check size. Fragments should be 
approximately 100-300bp. 
 
3. Precipitate 0.1ug of probe with 10ug of salmon sperm DNA and 1ug of Cot-1 
DNA per 18x18mm coverslip, and 2V cold 100% EtOH, mix and incubate at 
-20°C for 2 h to o/n.  
 For 1ug BAC, add 10ul Salmon sperm DNA(10ug/ul) and 10ul Cot-1 
DNA(1ug/ul) old protocol use 6ul SSD and 5ul Cot-1 DNA for 1ug of 
probe, and add 5.6ul 3M NaAc and 123.2ul cold EtOH. 
 Precipitate only the amount you needed, the rest of the mix can be 
stored at -20, precipitate when needed.  
 Do not add salt (NaAc) since there is already enough DNA, salt will 
crystalize and hard to dissolve later into hybridization buffer. 
 
4. Centrifuge at 15,000×g for 10-30 min. Carefully remove the supernatant 
with pipettor, wash pellet with 70% EtOH, and dry the pellet.  
 
5. Resuspend the precipitated probe in 4ul of hybridization buffer per 0.1ug at 
37 °C for several hours. 
 Pipette-set at 37°C for 15min-pipette hard to dissolve-set at 37 °C for 
15min….do this for at least 3 times. 
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Hybridization buffer: 
10% dextran sulfate:        1 ml of 50% dextran sulfate 
50% formamide:           2.5 ml of formamide 
2X SSC:           0.5 ml of 20X SSC 
                   + 1 ml ddH2O 
 5ml total, aliquote and store at -20°C 
 
100% formamide is stored at -20°C in 15ml tube. 
Dextran sulfate 50% stock (dissolve powder in ddH20, shake at 4 C overnight) is 
at 4°C. 
Or 
To make the 50% dextran solution initially, dissolve 50 g of dextran sulphate in 
sterile water at 80ºC, make this up to 100 ml and store in aliquots at -20°C. 
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Protocol 8  
Fragmentation and Labeling of Probe DNA Using Terminal Transferase 
(TdT) 
 
Day 1: (1h) Fragmentation of BAC DNA 
1. Set up the following reactions. Digest at 37°C, overnight:     
                                                                                  
 
  
 
 
 
 
 
 Enzyme: Alu I, Dpn I, Hae III, Mse I, Msp I, Rsa I. 
 If don’t have enough DNA, scale down by a half.  
 
Day 2:  
Check digestion and Precipitate DNA 
2. Analyze 0.3 µg (which is 6µl) of the products by electrophoresis through a 
2% agarose gel. 
 Depending on the complexity of the DNA, either a discrete set or a smear 
of fragments with an average size of 100–150 bp should be detected. 
 
3. Precipitate the digested products as follows: 
i. Add 1.1µl of 20mg/ml glycogen, mix well, then add 1/10 volume of 3 M 
sodium acetate and then 2.5 volumes of cold absolute ethanol. 
Optional: Chill briefly at –20°C. I usually do at least 1 hour at -20°C. 
ii. Centrifuge in a microcentrifuge at 12,000g for 30 min to pellet the DNA. 
iii. Wash the DNA pellet with cold 70% ethanol by briefly rinsing the pellet 
with ethanol. Be careful not to disturb the pellet. Discard the wash (remove 
all liquid as much as possible) and allow the pellet to dry briefly. 
iv. Resuspend the DNA in 11 µl ddH2O. 
 
4. Measure the concentration accurately by nanodrop. 
 At this step, after fully dissolve DNA, you can store the DNA at -20 °C for 
up to months. Don’t forget to label its concentration on the tube. 
 
 
BAC DNA, 5µg x µl 
10x NEBuffer 4 10 
BSA (10mg/ml) 1 
Enzyme, 5U each 1.25µl each 
H2O  
Total  100µl 
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Labeling of Probe DNA with Terminal Deoxynucleotidyl Transferase 
5. Denature the DNA: 
i. Place a 0.5-mL microcentrifuge tube on ice. Add 2 µg of DNA fragments in 
H2O (from Step 3.iv). Add H2O to 10ul, mix.  
ii. Denature the DNA in a PCR machine 95°C 5min. 
iii. Snap chill on ice. 
iv. Centrifuge briefly to collect the condensate. 
 
6. Make reaction mix w/o DNA w/o enzyme.  
    
 
 
 
 
 
 
 
 or              
 
 
 
 
 
 
 
 
 
7. Add DNA to reaction mix, add enzyme mix, centrifuge briefly. 
 
8. Incubate at 37°C for 1h.  
 
 
 
 
 
 
 
Fragmented DNA (2ug) 10ul 
5x terminal transferase Buffer 5ul 
dATP(1mM) 2.7ul 
Biotin-14-dATP(0.4mM) 3.38ul 
H2O 3.32ul 
Enzyme(20u/ul) 0.6ul 
Total 25ul 
Fragmented DNA (2ug) 10ul 
5x terminal transferase Buffer 5ul 
dTTP(1mM) 2.7ul 
Dig-11-dUTP(1mM) 1.35ul 
H2O 5.35ul 
Enzyme(20u/ul) 0.6ul 
Total 25ul 
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Precipitate DNA 
9. Add 0.5 µL of 20-mg/mL glycogen (Roche) as a carrier. 
 
10. Add 25.5ul of 5M ammonium acetate to a concentration of 2.5 M, followed 
by 2.5 volumes of absolute ethanol (128ul). Chill at 4°C. 
 Sodium acetate is not used here so as to minimize the coprecipitation of 
unincorporated nucleotides. 
 Can keep at 4 °C overnight, and I usually do it overnight.  
 
11. Centrifuge in a microcentrifuge at 12,000g for 30 min to pellet the DNA. 
 Probes labeled with fluorescent nucleotides should give a visibly colored 
pellet. 
 
12. Aspirate the ethanol carefully. Wash the DNA pellet with cold 70% ethanol 
by briefly rinsing the pellet with ethanol. Be careful not to disturb the pellet. 
Discard the wash (remove all liquid as much as possible) and allow the pellet 
to dry briefly. 
 
13. Resuspend labeled probe in hybridization buffer. Store at –20°C. 
 Dissolve at 100ng/µl.  
 When resuspend, need to pipette hard to disturb the pellet, and then 
keep at 37°C for 10-15min, and then pipette again, then put them back 
to 37°C for 10-15min, do this for 4-5 times, for over an hour, until the 
pellet is fully dissolved.  
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Protocol 9  
3D Immuno-FISH 
 
Prepare FISH probe, 2.5M glycine stock, 4X SSC, 0.4X SSC, 2X SSC, PBS, 0.1% 
PBST, 0.5% PBST, 20% Glycerol in PBS, poly-lysine coated coverslips, DAPI 
containing mounting media, cells in culture, before start. (T=Triton) (See 
protocol for coating coverslips with poly-lysine, and protocol for making FISH 
probes).  
 
Day 1: (~3h)  
Standard Procedure for Immuno-Staining:  
1. Prepare 1 million cell/ml of K562 cells in RPMI+10%FBS, plate 0.5ml to 
poly-lysine coated coverslips, incubate at 37℃ until cells attach to the 
coverslips, it usually take 15min-45min. 
 
2. Prepare                ml of 3.6% PFA (0.5ml per coverslip). 
 PFA concentration depending on cell type, usually 1.6%-4%. 
                       
3. Permeabilize cells with 0.1% PBST at RT for 45s-1min. 
 I do permeablization before fixation because for this cell line, it is very 
hard for probes to penetrate into the nucleus. It helps a lot by 
permeabilize first.  
 
4. Fix cells in 3.6% PFA at RT for 10min. 
 To avoid cell drying, I add a few drops of PBST after 10min, before 
removing PFA using vacuum.  
 
5. Quench with 0.5M glycine in PBS for 5min. Meanwhile, prepare IgG Blocking 
Buffer(IgGB) (5% Normal Goat Serum (NGS) in 0.1% PBST). 
 Here I use 5% NGS to block because the source of secondary antibody is 
goat. Generally, the serum source used to block should be the same as 
the antibody source. Otherwise BSA can be used to substitute for serum. 
 
6. Block with IgGB, 50ul per coverslip, at RT for 1h, right before step 7, prepare 
1o antibody solution with 1:1000 dilution, by diluting: 
____ul __ __anti __ ___antibody in ______ul IgGB  
 
7. Remove IgGB, add 1o antibody solution to coverslips, and incubate at 4 ℃ 
o/n in a humid chamber.  
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Day2:  (~8h) 
8. Wash coverslips in 0.1%PBST 3 times x 5min. While wash, prepare 2o 
antibody solution with 1:500 dilution, by diluting: 
____ul __ __anti ____________antibody in ______ul  IgGB. 
 
9. Add 2o antibody solution to coverslips, and incubate at RT for 1-2 hours. 
Meanwhile during incubation, get liquid nitrogen. 
 Can use 1:1000 dilution and overnight at 4 ℃. 
 
10. Wash coverslips in 0.1%PBST 3 times x 5min. Before washing, prepare               
_____ml of 3% PFA in PBS (0.5ml/coverslip), and cool it down during 
washing step.  
 
DNA FISH procedure: 
11. Fix cells with 3% PFA in PBS, at RT for 10min. While fixing, prepare liquid 
nitrogen and 0.1N HCl/0.7%Triton/2xSSC. 
 
12. Quench with 0.5M glycine in PBS for 5min. 
 
13. Wash with PBST for 5min. 
 
14. Transfer coverslips into 20% Glycerol/PBS for 30-60min.  
 At this step, cells can be left at 4 ℃ for up to a few days.  
 
15. Using forceps, remove coverslip from the glycerol solution, dip into liquid 
nitrogen, and wait until the coverslip is completely frozen. Place the 
coverslip on a paper towel with cells facing up and wait until frozen glycerol 
is thawed. Repeat the process for a total of 6 times of freezing/thawing.  
 
16. Wash in PBST 3x 5min.  
 
17. Briefly rinse coverslip in 0.1N HCl/0.7%Triton/2xSSC and then incubate in a 
fresh portion of 0.1N HCl/0.7%Triton/2xSSC  for 10min on ice. 
 
18. Wash in 2xSSC 3x 5min. 
 
19. Deposit 4-5ul probe (100ng/coverslip) solution onto a sterile glass slide, 
place coverslip cell-side down onto probe, allow probe to diffuse to edges of 
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cover-glass and seal with rubber cement using a stick. Allow rubber cement 
to dry, meanwhile preheat set hot plate to 75 ℃. 
 The coverslip is removed from the 2xSSC solution with forceps and 
carefully lowered cell-side down avoiding the formation of air bubbles. 
Once the coverslip has made contact with the probe solution is should 
not be moved, to avoid damaging the cells. 
 
20. Place slide on hot plate for 3 min, then move to humid chamber (paper 
towers soaked in 2X SSC) and hybridize with the probe at 37 ℃ o/n.  
 Denature time is usually 2-3min, depending on the sample.  
 Keep in dark if the probe is already labeled with fluorochrome.  
 Paper tower should not be too damp. Otherwise the water condensation 
will swell and unseal the rubber cement and probe will leak out.  
 Some people say the temperature need to be SLOWLY dropped down to 
37 degree, however, I found it doesn’t matter.  
 Hybridization will be better if incubate for 2-3days. I try to do it no 
shorter than 18 hours.  
 
Day 3: (~5h) 
21. Pre-warm 0.4X SSC to 70°C. 
 Use a water bath. Don’t use hybridization chamber since the 
temperature is not as stable.  
 
22. Remove rubber cement from hybridized sildes. 
 
23. Soak slides in 2X SSC to float off coverslip. 
 By adding 2X SSC on top of the coverslips. 
 Make sure not to move coverslips with force, to avoid damaging the 
cells. 
 
24. Wash in 0.4X SSC for 2min (do not exceed 2 min). 
 I use forceps to pick up the coverslips and immerse it in the buffer, and 
shake constantly for 2 min in buffer. 
 Make sure move the coverslips quickly from buffer to buffer, since it is 
very easy to dry the cells at such high temperature. 
 This step can be substituted by washing at 37 oC for 5min x 3 with 2x SSC 
on rotator in 37 oC room, and then at 60 oC for 5min x 3 with 0.1 x SSC on 
rotator in hybridization chamber.  
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25. Wash in 4X SSC for 5min. 
 
26. Block with 100ul 4%BSA in 4X SSCT (filtered through 0.2um filter) for 
15min-30min, with cells facing down. 
 
27. Incubate in fluorescently labeled streptavidin (Strep-Alexa594 diluted 1:200) 
or anti-digoxigenin-fluorescein antibodies (diluted 1:200) in 4% BSA in 4X 
SSC for 40min-2 hours at RT in a humidified chamber with cells facing down. 
 
28. Wash in 4X SSC/0.1% Triton-x100 for 5min x 3 times. 
 
29. Mount coverslip on a slide in DAPI containing mounting medium, or do step 
30 and 31 instead.  
 
30. DNA counterstaining (2 minutes in 2X SSC containing 0.2mg/ml DAPI). 
 0.5ug/ml was tried and can already give a bright signal. 
 
31. Wash in 4X SSC for 5 minutes x 3 times, mount.  
 
 
